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ABSTRACT  (Continue  on  reverse  side  if  necessary  and  identtfy  bv  block  number) 

A series  of  programs  has  been  conducted  to  develop  erosion-resistant  nosetip  (ERN) 
concepts  to  provide  an  all-weather  flight  capability  for  high-performance  reentry 
vehicles.  In  a previous  effort,  two  ERN  designs  utilizing  monolithic  (solid)  tungsten 
subtips  were  designed  for  flight  tests  on  Advanced  Nosetip  Test  (A.  N.  T. ) vehicles. 
In  the  present  program,  ground  tests  were  conducted  in  a rocket  motor  test  facility 
to  evaluate  the  thermal  and  structural  performance  of  full-scale  models  of  these 
flight  designs.  The  results  of  these  tests  indicatef'  i low  probability  of  survival  for 
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20.  ABSTRACT  (Continued) 

monolithic  tungsten  subtips  in  I CBM  flight  environments.  Therefore,  additional 
studies  were  performed  to  develop  an  improved  subtip  concept  that  would  be  more 
resistant  to  thermal  stress  failures.  These  studies  resulted  in  a segmented  con- 
struction approach  that  will  reduce  the  applied  thermal  stresses  to  acceptable 
levels  and  provide  a high  probability  of  survival  in  flight.  Two  segmented  and 
two  monolithic  tungsten  subtips  were  then  designed,  fabricated,  and  tested  on 
HEARTS  and  FLAME  flight  test  vehicles.  All  four  nosetips  survived  to  impact 
with  no  evidence  of  thermostructural  failure  and  with  no  development  of  vehicle 
trim  angles -of -attack  at  low  altitudes.  Additional  tests  at  more  severe  conditions 
are  required  to  verify  the  improvement  in  thermal  stress  performance  provided 
by  the  segmented  construction  technique. 

Two  new  types  of  ablation  sensors  were  investigated  for  possible  use  in  obtaining 
in-flight  measurements  of  the  recession  performance  of  tungsten  nosetips.  These 
sensors  were : 1)  an  ultrasonic  ablation  gage  that  measures  the  resonant  frequen- 
cies in  the  nosetip  to  obtain  an  indication  of  the  remaining  length,  and  2)  a radio- 
active gage  that  uses  bremsstrahlung  radiation  to  activate  the  tungsten. 

Laboratory  versions  of  both  sensors  were  built  and  found  to  give  promising  results 
that  warranted  further  development. 
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served  as  the  principal  technical  monitor  for  SAMSO. 
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this  study  and  report  included:  J.  C.  Schutzlcr  (structural  analyses  and  nosetip  design), 

J.  R.  Stetson  (design  verification  test  program),  J.  L.  Delegot  (structural  analyses), 

L.  S.  Greener  (ablation  testing  and  ablation  gage  development),  and  H.  L.  Moody  (ablation 
gage  development). 
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Convci’sion  factors  for  U.  S.  customaiy  to  metric  (SI)  units  of  measurement. 


To  Convert  From 

To 

Multiply  By 

angstrom 

meters  (m) 

1.000  000  X E -10 

atmosphere  (normal) 

kilo  paseal  (kPa) 

1.013  25  X E +2 

bar 

kilo  pascal  (kPa) 

1.000  000  X E <2 

barn 

meter^  (m^) 

1.000  000  X E -28 

British  tlicrmal  unit  (tlicrmochcmical) 

joule  (J) 

1.054  350  X E +3 

caloric  (tliermochemical) 

joule  (J) 

4. 184  000 

cal  (thcrmochemical)/cm2 

mega  joulc/m'^  (MJ/m'^) 

4. 184  000  X E -2 

curio 

giga  becquercl  (GBq)* 

3.700  000  X E +1 

degree  (angle) 

radian  (rad) 

1.745  329  X E -2 

degree  Fahrenheit 

degree  kelvln  (K) 

T^.=  (t®  f J 459.67)/l.8 

electron  volt 

joule  (J) 

1.G02  19  X E -19 

erg 

joule  (J) 

1.000  000  X E -7 

erg/second 

watt  (W) 

1.000  000  X E -7 

foot 

meter  (in) 

3.04  8 000  X E -1 

foot-pound-force 

joule 

1.355  818 

gallon  (U.  S.  liquid) 

meter'’  (m*’) 

3.785  412  X E -3 

inci) 

meter  (m) 

2.5*10  000  X E -2 

jerk 

joulc/kilogram  (J/kg)  (radiation  dose 

joule  (J) 

1.000  000  X E ^9 

absorbed) 

Gray  (Gy)»* 

1.000  000 

kilotons 

terajoules 

4.183 

kip  (1000  Ibf) 

newton  (N) 

4.448  222  X E +3 

kip/inch^  (l:si) 

kilo  pascal  (kPa) 

G.894  757  X E ^3 

ktap 

newton-second/ m'’ 

(N-s/m^) 

1.000  000  X E +2 

micron 

meter  (m) 

1.000  000  X E -C 

mil 

meter  (m) 

2.540  OOO  X E -5 

mile  (international) 

meter  (m) 

1.G09  344  X E +3 

ounce 

kilogram  (kg) 

2.834  952  X E -2 

pound-force  (Ibf  avoirdupois) 

newton  (N) 

4.448  222 

pound-force  inch 

ncwton-inetcr  (N*m) 

1.129  S IS  X E -1 

pound  - force/incli 

newton/meter  (N/m) 

1.751  268  X E 42 

pound-force/foot^ 

kilo  pascal  (kl’a) 

4.788  02G  X E -2 

pound-force/incli^  (psl) 

kilo  pascal  (kl’a) 

6.894  757 

pound-mass  (Ibm  avoirdupois) 

kilogram  (kg) 

4.535  924  X E -1 

pound-mass-foot^  (moment  of  inertia) 

kilogram-meter^ 

(kg-m-) 

4.214  011  X E -2 

pound-mass/foot^ 

kilogram/  meter'* 

(kg/m^) 

1.601  846  X E +1 

rad  (radiation  dose  absorbed) 

Gray  (Gy)** 

1.000  000  X E -2 

roentgen 

coulomb/kilogram  (CAg) 

2.579  760  X E -4 

shake 

second  (s) 

1.000  000  X E -8 

slug 

kilogram  (kg) 

1.459  390X  E 4l 

torr  (mm  lig,  0®  C) 

kilo  pascal  (kl^a) 

1.333  22X  E -1 

♦The  becquercl  (Bq)  is  tljc  SI  unit  of  radioactivity;  1 Bq  = 1 event/s. 

♦♦The  Gray  (Gy)  is  the  SI  unit  of  absorbed  radiation. 

A more  eompletc  listing  of  conversions  may  be  found  in  "Metric  IVactice  Guide  E 380-74 
American  Society  for  Testing  and  Materials. 
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1. 0 INTHODUCTION  AND  SUMMARY 


Prototype  Development  Associates,  Inc.  (PDA  is  been  cieveloping  erosion-resistant 
nosctlps  (ERN)  to  provide  an  all-weather  flight  capability  fc  eentry  and  interceptor  vehicles.  Tlie 
ERN  designs  are  comprised  of  a graphitic  (carbon-carbon  or  .ilk  graplilte)  e.xtcrnal,  or  primary, 
nosetip  ;md  an  erosion-resistant  inner  nosetip,  or  subtip.  The  giaphitlc  primary  nosetip  provides 
mbiimum  recession  and  shape  cliangc  ilurlng  clear  air  flight,  while  the  subtip  assures  vehicle  sur- 
vival to  impact  in  erosive  weather  environments.  In  the  Erosion- Rcsistiuit  Nosetip  Teclmology 
(ERNT)  program  (Reference  1),  the  basic  ERN  concept  was  liefintil,  tungsten  was  selected  as  tlie 
optimum  statc-of-tlie-art  subtip  material,  and  concept  feasibility  was  ilemonstrateil  in  a ground  test 
program. 


Plans  were  then  made  to  evaluate  the  ERN  concept  in  actual  flight  environments.  A 
series  of  flight  tests  was  designed  to  measure  flight  performance  in  increasingly  severe  aerothermal 
environments,  botli  in  clear  air  and  in  weatlier.  'I'ungsten  .subtips  and/'or  complete  ERN  assemblies 
wore  designed  imd  fabricated  for  flight  tests  on  SAMS,  FLAME,  HEARTS,  andA.N.T.  vehicles. 


SAMS  (Siuulia-Air  Force  Materials  Study)  was  im  on-going  program  tliat  offered  an  early 
opportunity  to  obtain  flight  ablation  and  erosion  performance  tiata  for  tungsten.  The  S.\  MS  vcliicles 
consist  of  a tl>rco-stagc  rocivct  and  a payload  section  containing  the  nosetip,  a I’eeovery  system, 
instrumentation,  and  telemetry  equipment.  Most  of  Uie  tost  period  occurs  during  tlie  powered  por- 
tion of  tl\c  flight,  and  tlie  peak  velocities  arc  slightly  in  c.xccss  of  10,000  ft/scc.  The  nosetips  arc 
recovered  for  post-test  measurements  and  evaluation. 


Four  tungsten  nosetips  were  designed,  built,  and  fllglit-testcd  on  SAMS  vehicles.  t>no 
of  tlie  nosetips  was  made  from  commercially  pure  tungsten,  and  tlirec  were  made  from  tungsten/ 
2-porccnt  tlioria,  (\V/2Tht)9).  (Ground  tests  iuid  shown  that  the  ablation  performance  of  these  two 
types  of  tungsten  is  identical,  but  that  tlic  tlioriated  material  offers  potentially  superior  thermo- 
structural  performance.)  To  identify  tlie  effects  of  particle  impacts  on  ablation  performance,  hvo 
of  the  nosetips  were  flown  in  weatlier  ;uul  hvo  wore  flown  in  clear  air.  All  four  nosetips  were  reco\ 
ered  Intact  and  subjected  to  detailed  post-flight  c.\aminatlon  and  mialyses. 


The  most  significant  observation  from  the  recovered  nosetips  was  in  regarii  to  the  effects 
of  tlic  weather  environment  on  the  tungsten  ablation  cliaracterlstics.  Roth  clc:u'  air  nosetips  had 
smootli,  flat  stagnation  regions;  while  the  two  nosetips  flown  in  erosive  we.ather  environments  were 
characterized  by  a sl.arper,  biconic  forward  region  with  deep  surface  scallop  patterns.  The  total 
axial  recession  of  tlic  weatlier  nosetips  w.is  ;ipproximately  twice  tliat  of  tlie  clear  air  nosetips.  The 
scallop  patterns  are  believed  to  have  been  initiated  by  weather  particles  impacting  on  tlie  soft, 
molting  timgstcn  surface.  Once  formed,  the  patterns  tended  to  persist  and  cause  increased  local 
surface  heating  and  recession  rates.  No  sc;illop  or  crosshatch  patterns  were  found  on  the  conical 
frustum  where  no  melting  of  tlie  tungsten  occurred. 


No  tllfferences  were  observed  in  the  ablation  :ui  I shape  change  behavior  of  the  commer- 
cially pure  tungsten  and  the  \V/2Th02  nosetips  tliat  were  flown  in  clear  air  environments. 


Post-flight  e-xamination  of  the  recovered  nosetips  revealed  the  presence  of  extensive 
fracture  patterns  in  both  clear  air  mid  weather  nosetips.  However,  detailed  metallogr.iphic  exami 
nations  of  the  nosetips  indicated  that  all  of  the  fractures  were  initiated  after  the  period  of  aerody 
namic  heating.  Tliat  is,  all  fractures  could  be  attidbuted  either  to  cool-ilown  stresses  or  to  residual 
stresses  that  were  relieved  by  the  sectioning  process. 


The  conclusions  of  the  metallogi  aphic  analyses  were  confirmed  qualitatively  by  post- 
flight thermosti’uctural  analyses.  Calculations  were  performed  to  compare  the  predicted  thermal 
stresses  in  the  SAMS/ERN  flight  test  nosetips  with  the  stresses  in  similar  tungsten  models  tested 
in  the  AFFDL  50  megawatt  ai’c-jet  and  in  a rocket  motor  facility.  The  peak  stresses  computed  for 
the  ground  test  models  were  equal  to,  or  greater  than,  the  peak  stresses  in  the  flight  environment; 
'Old  no  thermostructural  failures  occurred  during  the  ground  tests.  However,  it  was  noted  that  both 
'.he  ground  and  flight  test  models  were  computed  to  be  marginal  during  the  period  of  heat-up  stresses. 

Following  tlie  SAMS/ERN  program,  tungsten  nosetips  were  designed  and  built  for  flight 
tests  on  the  FIAME  (Fighter -Launched  Advanced  Materials  Experiment)  and  the  HEARTS  (Hydro- 
meteor Erosion  And  Recession  Test  System)  vehicles,  both  of  which  provide  flight  conditions  that  are 
intermediate  between  the  SAMS  environments  and  ICBM  flight  environments.  These  flight  test  pro- 
grams were  performed  concurrently  with  an  intensive  design,  development,  and  fabrication  effort 
to  provide  complete  ERN  designs  for  final  evaluation  on  full-scale  ICBM  flight  tests  on  the  A.  N.  T. 
(Advanced  Nosetip  Test)  vehicles. 

Two  configurations  were  specified  for  the  A.N.T.  flight  tests;  1)  a sharp  (0.75-inch 
radius),  high  ballistic  coefficient  (/3)  vehicle;  and  2)  a blunt  (1. 25-lnch  radius)  lower -j8  vehicle. 

Both  vehicles  (along  with  t\vo  other  vehicles)  were  to  be  launched  on  a single  booster,  and  each  con- 
figuration was  to  be  flown  once  in  clear  air  and  once  in  a weather  environment.  To  permit  accurate 
definition  of  the  effects  of  the  erosive  environment  on  the  tungsten  recession  performance,  the 
A.N.T. /ERN  nosetips  were  designed  so  the  tungsten  subtips  would  be  exposed  at  nearly  the  same 
altitude  (35  kft)  in  clear  air  and  in  weather.  It  was  further  specified  that  the  external  shape  and 
materials  be  the  same  for  the  clear  air  and  weather  flights  and  that  the  total  shape  change  should  be 
minimized.  To  satisfy  these  requirements,  it  was  necessary  to  design  a complex  primary  nosetip 
structure  of  graphite  that  would:  1)  transmit  axial  aerodynamic  loads  from  the  external  surface  to 
the  tungsten  subtip,  2)  support  the  external  shell  in  a free-standing  condition  to  minimize  thermal 
stresses,  and  3)  assure  a controlled  fracture  and  removal  of  the  external  shell  at  the  burn-through/ 
removal  altitude.  The  subtip  was  des^ned  for  thermal  and  structural  survival  to  impact  following 
sudden  exposure  at  the  primary  nosetip  removal  altitude  of  35  kft. 

All  of  the  results  of  the  SAMS/ERN  flight  test  program  and  a complete  description  of  the 
design/development  effort  for  the  A.N.T. /ERN  nosetips  through  the  r’'itical  Design  Review  (CDR) 
were  summarized  in  Reference  2.  The  present  report  describes  the  fLial  tasks  accomplished  in 
support  of  the  A.  N.T./ERN  program,  as  well  as  the  work  performed  in  several  related  efforts, 
including  the  FLAME/ERN  and  HEARTS/ERN  flight  tests. 

After  the  A. N.T./ERN  CDR,  the  final  nosetip  flight  designs  were  evaluated  in  a design 
verification  test  program  performed  at  the  Rocket  Exhaust  Test  Facility  at  the  Air  Force  Rocket 
Propulsion  Laboratory  (AFRPL).  In  this  program,  described  in  Section  2.0,  full-scale  nosetips 
wore  built  and  tested  in  a high  performance  exhaust  flow  environment.  The  tests  were  run  with  a 
model  stagnation  pressure  of  100  atmospheres  using  a new  benzonltrlle/liquid  oxygon  propellant 
system.  The  resultant  flow  conditions  produced  an  ablative  and  thermal  stress  environment  for  tlie 
nosetips  that  was  representative  of  actual  ICBM  flight  conditions.  The  test  results  indicated  that  the 
primary  nosetip  could  be  expected  to  perform  satisfactorily  in  all  respects,  but  that  the  tungsten 
subtips  had  an  excessively  high  probability  of  experiencing  thermal  stress  failures  in  flight. 

The  thermal  stress  problem  for  ttmgstcn  subtips  had  been  of  Increasing  concern  after 
the  post-fl^ht  analyses  of  tlie  SAMS/ERN  nosetips.  All  the  early  subtip  designs  were  monolitliic 
configurations  that  were  machined  from  large  billets  of  axtruded  or  swiped  material.  As  mechanical 
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The  FLAME  vehicles  were  air-launched,  two-staKc  rockets  that  reacheil  pcjil,  velocities 
in  excess  of  13,000  ft/scc.  The  paylo.ads  were  designed  for  recovery  to  permit  post- flight  examina- 
tion and  analyses.  One  monolithic  timgstcn  nosetip  and  one  segmented  nosetip  were  built  and  tested 
on  FL/\ME  vehicles  in  clcai'  air  flights.  Botli  nosetips  survived  to  impact  with  no  unusual  aerody- 
namic behaxdor.  The  monolitliic  design  was  recovered  intact  :uul  found  to  be  in  excellent  comlition. 
The  total  recession  depth  was  within  predicted  limits  and  no  evidence  of  tliermostructuriil  failure  was 
found.  Section  5.0  describes  the  FIAME/ERN  design  and  flight  test  luialyscs. 

The  HEAllTS/EHN  and  FL.‘\ME/ERN  flight  tests  pro\ided  valuable  information  regarding 
the  performance  of  tungsten  nosetips  in  hypersonic  flight.  Data  were  obtained  to:  1)  verify  the  clear 
air  ablation  performance  of  tungsten,  2)  demonstrate  the  aerodynamic  behavior  of  tungsten  nosetips. 
and  3)  verify  the  thermal  stress  behavior  at  sub-ICBM  flight  conditions.  It  also  was  shown  that  the 
segmented  construction  did  not  degrade  the  jierodjmamic,  structiu'al,  or  ablation  perfornumce  of 


property  data  for  these  billets  gradually  became  available,  it  was  found  that  the  strength  properties 
in  tlie  transverse  plane  were  unsuitably  low  due  to  grjiin  orientation  chai’acteristics  and  flaws.  This 
poor  transverse  strength,  coupled  with  the  e.xistence  of  a large  volume  of  higlily  stressed  material 
at  temperatures  below  tlie  ductile-brittle  transition  temperature  (DBTT) , resulted  in  the  prediction 
of  high  probabilities  of  failure  for  many  flight  cases. 

As  a result,  studies  were  begun  to  develop  an  improved  subtip  concept  tliat  would  be  more 
resistant  to  thermal  stress  failures.  This  task,  which  was  conducted  as  a parallel  effort  to  tlie 
A.N.T./ERN  detailed  design  studies,  involved  a segmented  construction  approach  that  had  tlie  objec- 
tive of  reducing  the  applied  tlicrmal  stresses  to  acceptable  levels.  Witii  tlie  segmented  construction 
technique,  tlie  subtip  is  manufactured  in  tlie  same  e.xternal  shape  as  the  monolithic  designs  but  is 
made  from  a number  of  smaller  components.  This  results  in  low’er  thermal  stress  levels  in  the 
nosetip  because:  1)  the  smaller  components  experience  smaller  temperature  gradients,  and  2)  the 
segments  can  accommodate  tlie  stresses  by  deforming  under  the  Influence  of  the  temperature  gra- 
dient. Tlie  probability  of  failure  also  is  reduced  by  tlie  smaller  unit  volumes  of  highly  stressed 
material  hi  individual  components.  Because  a fracture  in  one  segment  cjimiot  propagate  across  the 
segment  boundaries,  any  fracture  that  does  occur  will  not  result  in  a catastrophic  failure  of  tlie 
assembly,  thereby  providing  a form  of  artificial  fracture  toughness. 

Several  analytical  and  test  progi'ams  were  performed  to  develop  and  validate  tlie  seg- 
mented design  concept.  These  Included  analyses  to  define  the  optimum  segment  configuration  and 
arc-jet  tests  to  determine  if  tlie  segmented  construction  would  affect  the  ablation  performance  of 
the  assembly.  The  results  indicated  that  segmented  nosetips  could  be  tiesigned  witli  a very  low 
probability  of  thermostructural  failure  in  flight  and  that  the  segmented  construction  has  no  detect- 
able effect  on  the  ablation  performance. 

Because  of  the  favorable  preliminary  results  obtained  in  the  segmented  nosetip  develop- 
ment task  (Section  3.0),  segmented  tungsten  nosetips  were  ilesigned  ami  fabricateti  for  evaluation  on 
tlie  HEARTS  and  FLAME  flight  test  vehicles.  Tlie  HEARTS  vehicles  were  launched  on  Athena  C and 
Athena  D boosters  and  attained  entry  velocities  of  approximately  18,200  ft/scc.  The  HE.MtTS  pay- 
loads  were  not  recovered.  One  monolithic  tungsten  nosetip  and  one  segmented  nosetip  were  built 
and  flight  tested  in  clear  air  environments.  Each  nosetip  was  covcrcil  wiUi  a teflon  glove  ilesigned 
to  burn  tlirough  and  c-xpose  the  tungsten  at  an  altitude  of  around  35  kft.  Botli  HEARTS/ERN  nosetips 
survived  to  impact  with  no  v.videncc  of  thermosti-uctural  failure  and  witli  no  development  of  vehicle 
trim  angle-of-attack  at  low  altitudes.  The  HEARTS/ERN  design  analyses  and  results  are  summari?od 
in  Section  -1.0. 
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tunKHton  noRotlpR.  Ilowovor,  Rlnoo  tho  IIKAItTS  uml  FliAMLI  fliKht  cnvlronmontH  ware  not  Huffi- 
olontly  Bovoro  to  protiuoo  tliormal  BtroBB  ftilluroB  In  tho  monolithic  noHotlpB,  no  voriflcntfon  wuh 
obtulnod  of  tlio  Improvomont  In  thormoBtruoturol  porformnnoo  provlUocI  liy  tho  MOKincnUul  conMtruc- 
tlon.  Thoroforo,  additional  work  was  rocommondod  to  ovnluato  tho  thormoBtructurul  roHponBo  of 
a fuU-Bcalo  Bcgmentod  timgston  nonotlp  In  a high  performance  rocket  motor  oxlmust  flow  and  to 
obtain  final  vorlfloation  of  tho  concept  in  an  ICI3M  flight  toHt. 

Another  major  problem  aBBoclatod  with  flight  tost  evaluation  of  tungHten  noHotipH  Iuih 
boon  tho  difficulty  of  obtaining  in-flight  Burfaco  rocoBBlon  monBuremontM.  Since  the  A.N.T.  vchicIoH 
will  not  bo  rocovorod  for  post-flight  Inspnction,  all  information  regarding  nosctlp  performance  muMt 
bo  obtained  from  on-board  InstrumontB.  However,  tho  physical  proporticB  of  tungHten  are  hucIi  that 
most  of  tho  mcoBuremont  tochniquos  dovolopod  for  graphitic  and  roHinouH  noHctips  cannot  be  iiHed, 
For  example,  gamma-ray  backscatter  Bonsors  arc  not  practical  because  tho  high  denHily  and  attenu- 
ation charactorlstioB  of  tungsten  limit  tho  offcctlvo  moasuromont  range  to  a fraction  of  an  incii.  The 
U8C  of  embedded  discrete  radlonctlvo  BOurcoB  Ib  prevented  because  the  instrumentation  lioles  criti- 
cally degrade  the  thormoBtructural  integrity  of  tungsten. 

In  tho  earlier  EUN  development  studies  (Ucfcroncc  2),  two  now  types  of  tungsten  reces- 
sion sensors  wore  considered.  Those  were*  1)  the  K West  pulse/echo  ultrasonic  nidation  gage 
(developed  previously  and  flight  tested  successfully  on  graphite  nosctlps),  and  2)  a radioactive  bacU- 
senttor  BonBor  utilising  neutrons  (which  are  not  attenuated  by  tungsten  ns  significantly  ns  arc  gamma 
rays). 


Although  mixed  rosults  were  obtained  In  several  ground  tests  and  in  one  SAMS  fliglit  tost, 
it  was  concluded  that  tho  pulso/ccho  ultrasonic  ablution  gage  is  unsatisfactory  for  measuring  tlu>  sur- 
face recession  of  melting  tungsten.  The  apparent  reason  is  attenuation  of  tlic  acoustic  wave  in  tiu* 
surface  molt  layer.  Tho  neutron  backscatter  gage  was  found  to  bo  capable  of  mcasurbig  tungsten 
thicknesses  only  slightly  greater  than  1.0  Inch.  Even  tliougli  it  was  lx;licved  Hint  this  range  could  be 
extended  somewhat  (possibly  to  as  much  as  2.0  inchos)  with  additional  development  effort,  tlie  per- 
formance still  would  not  be  satisfactory  for  most  nosctlp  lengths  of  interest.  Tills  performance, 
along  with  the  difficult  safety  and  handling  problems  associated  with  neutron  sources,  resulted  In 
the  decision  to  discontinue  further  work  on  the  neutron  backscatter  sensor. 

In  the  present  effort,  two  additional  sensor  concepts  were  investigated  (Section  (i.O). 

One  of  tho  concepts  is  a variation  of  tho  pulso/echo  ultrasonic  gage  that  measures  tho  resonant  fre- 
quencies in  the  noBctlp  to  obtain  an  indication  of  tho  remaining  length.  Tho  principal  advantage  of 
this  concept  over  tho  conventional  pulso/echo  sensor  is  the  fact  that  the  low  frequencies  correspond- 
ing to  the  resonances  wore  expected  to  have  relatively  low  attenuation  coefficients.  The  resonance 
sensor  was  designed  In  a laboratory  development  program  and  then  demonstrated  successfuny  in  an 
ablution  test  of  a tungsten  model  In  the  AFFUL  50  megawatt  nre-jet  facility.  (No  successful  tests  of 
the  pulso/ccho  sensor  had  been  obtained  in  this  facility. ) 

Tho  second  tungsten  recession  sensor  concept  investigated  in  the  present  program  was 
the  brcmsstrahlung-activatlon  ablation  gage  (BAAC).  With  this  concept  the  tungsten  Is  activated  liy 
high  energy  electrons  that  produce  high  energy  bromsstrnhlung  photons.  Tho  photons  then  convert 
tho  tungsten  Into  tho  Isotope  ^ ^Tn  with  no  physical  nlterntlons  to  tho  nosetlp.  Tungsten  components 
were  irradiated  with  this  process,  and  n nosetip,  collimator,  and  detector  assembly  was  fabricated 
to  determine  the  ablation  measurement  sensitivity  of  tho  instrumentation  system.  The  count  rate 
was  found  to  bo  a nearly  linear  function  of  material  thickness  for  nosetip  lengths  up  to  H.fl  cm  (i).  15 
Inches).  Tho  high  count  rate  produced  in  the  tungsten,  along  with  the  linear  variation  with  len^dh. 
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resulted  In  a detector  system  witli  good  accuracy.  All  required  electrical  components  were  devel- 
oped and  tlie  basic  detector  design  has  been  flight  tested  extensively.  Thus,  it  was  concluded  that 
the  BAf\G  system  is  a feasible  concept  for  obUiining  in-flight  recession  measurements  of  tungsten 
nosetips.  However,  additional  work  is  required  to  complete  development  of  some  components, 
optimize  the  nosetip  activation  procedures,  and  modify  the  calibration  procedures. 


2.0  A.N.T./ERN  NOSETIP  DEVELOPMENT 

2. 1 INTRODUCTION  AND  OBJECTD'ES 

This  section  describes  the  final  design  verification  tests  of  the  Advanced  Nosetip  Test/ 
Erosion-Resistant  Nosetip  (A.N.T./ERN)  program  that  were  conducted  at  tlie  .\ir  Force  Rocket 
Propulsion  Laboratories  (AFRPL),  Edwards  Air  Force  Base,  C.alifornia,  during  the  period  May  - 
November,  1975  (Reference  3). 


The  basic  PDA  erosion-resistant  nosetip  concept  consists  of  a primary,  or  outer, 
nosetip  and  a secondary,  or  backup,  subtip  which  assures  survival  to  impact  in  an  operational 
weatljcr  environment.  The  primary  nosetip  material  consists  of  eitlier  graphite  or  carbon-carbon, 
while  the  erosion-resistant  subtip  is  fabricated  from  an  alloy  of  tungsten.  A key  objective  of  the 
A.  N.T./ERN  flight  tests  is  evaluation  of  tlie  subtip  and  phenolic  carbon  skirt/heatshield  ablation 
performance  in  combined  ablation/erosion  environments.  To  accomplish  this,  it  is  necessary  to 
remove  tlie  primar>  nosetip  at  an  altitude  characteristic  of  the  removal  altitude  in  an  operational 
weatlier  environment.  Origbially,  an  internally  slotted  carbon-carbon  solid  shell  configuration, 
designed  to  burn  tlu-ough  and  separate  from  the  vehicle  at  tlie  selected  removal  altitude  (35+5  kft), 
was  tlie  concept  to  be  flight  tested.  The  results  of  design  development  tests  on  0. 7 scale  models 
(also  performed  at  tlie  Air  Force  Rocket  Propulsion  Laboratory)  to  evaluate  this  concept  indicated 
that  an  improved  design  was  required  to  better  control  removal  performance  (Reference  2).  It  was 
decided  to  switch  to  a graphite  nosetip  design  to  provide  better  material  homogeneity,  reduce  poros- 
ity, and  improve  confidence  in  the  predictability  of  performance.  An  axisymmetric  shell  concept 
was  designed  to  provide  a predictable  removal  time  based  on  burn-through  rather  tlian  on  fracture. 
(A  detailed  discussion  of  the  final  A.  N.  T./ERN  design  is  contained  in  Reference  2).  The  present 
test  series  was  the  culmination  of  tlie  design  and  luaterial  changes  instituted  after  the  initial  0. 7 
scale  development  tests.  In  addition  to  the  nosetip  changes  discussed  above,  AFRPL  also  changed 
the  rocket  chemical  reactants  to  a benzonitrile/liquid  oxygen  system  to  improve  its  reentry 
simulation. 


The  design  verification  tests  discussed  herein  for  the  991  graphite,  thin,  hollow  shell 
primary  nosetips  and  monolithic  tui^sten  subtips  were  run  in  the  AFRPL/.ABRES  1-52-C  test  facility, 
described  in  Reference  4,  using  the  benzonitrile/liquid  oxygen  propellant  system.  The  specific  test 
objectives  wore  to-. 

1.  Evaluate  the  removal  characteristics  of  the  redesigned  outer  tip. 

2.  Determine  wall  thickness  and  stagnation  pressure  conditions  at 
the  time  of  removal  of  tlie  redesigned  primary  tip. 

3.  Expose  tlie  subtip  to  reentry  thermal  stress  conditions. 

4.  Evaluate  the  performance  of  the  acoustic  recession  sensor  on 
tungsten. 

2. 2 APPARATUS 


2.2.1 


Test  Facility  Description 


The  ABRES  RPL  Reenti’y  Nosetip  Test  Facility  is  rocket  engine  test  stand  1-52-C  witli 
a hot  gas  combustion  chamber  and  a remotely  controlled  model  insertion  mechanism.  The  high 
enthalpy  gas  generator  is  a 50,000-pound  thrust  equivalent  liquid  rocket  engine.  Liquid  o.xygcn  .and 
benzonitrllc  (CglisCN)  propellants  are  burned  in  a combustor  at  3000  psia  chamber  pressure  at  .an 


oxidizer -to-fuol  lulxlure  ratio  (0/F)  of  2.  SO.  Botli  inLxturo  ratio  and  chamber  pressure  are  closed- 
loop  conti-olled  to  mainUiin  tl»e  desired  environment,  bi  addition,  tlio  cliambcr  pressure  can  be  varied 
during  a run  from  500  to  3000  psia  accordbig  to  a predetermined  program. 

Tlie  insertion  meclianism  consists  of  a rotating  radial  arm  mounted  on  a carriage  tl>at 
can  be  moved  botl>  luxlally  and  radially.  Tl>e  test  item  may  be  swept  in  and  out  of  tlie  flowfield  at 
preprogrammed  rates.  .Mthough  the  engine  can  be  started  and  shopped  with  tlie  model/holder  eitlier 
in  or  out  of  the  stream,  tlie  A.  N.  T./EUN  tests  were  performed  wltli  tlie  model  rotatea  into  place  at 
tlie  ’vernier"  or  500  psi  cliamber  pressure  level.  Additional  deUiils  of  the  facility  capabilitj’  and 
instrumenlatlon  are  given  in  lloforence  4 . 

Tlie  combustion  flame  temperature  variation  with  propellant  mixture  ratio  predicted  by 
tlie  ODE  (One-Dimensional  Equilibrium)  cliemistry  program  (Reference  5)  is  sliown  in  Figure  I. 

Tlie  present  test  point  at  a mixture  ratio  of  2.  SO  is  an  o.xj'gen  rich  environment.  summary  of  tlio 
ideal  tlicoretical  perfornuuico  for  Uie  100-atmosphere  and  tlie  50-atmosphere  nozzle  configurations, 
calculated  by  tlie  ODE  code,  is  given  in  Table  1.  The  nozzle  contour  data  were  exb-acted  from 
Reference  (>  mid  used  in  tlie  calculations. 
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Table  1.  AFUPL  nosetip  test  facility  cell  l-r)2-C 

enviroiia\ent*  ideal  theoretical  perform:mcc. 


PROPELL.\NT 

LO.X/UZN 

MIXTURE  HAnO,  O/I- 

2.  SO 

2.  SO 

NOSETIP  STAGNATION  PUESSUUE.  (ATM) 

100 

50 

NOZZLE  AREA  tUTIO 

2.7G*» 

G.00‘* 

NOZZLE  EXIT  MACH  NU^UU;R 

2.26 

2.70 

NOZZLE  STATIC  TEMPERATURE.  (‘^R) 

5797 

5353 

NOZZLE  STATIC  PRESSURE  (PSK) 

303  G7 

12977 

NOZZLE  STAGNATION  TI;MPERATU15E  “r) 

71G5 

7105 

NOZZLE  GAS  MOLECUI-XR  WEIGHT 

31.93 

32.70 

NOZZLE  GAS  STAGNATION  ENTHALPY  (HTU/LR) 

53.3 

53.3 

N07//U:  GAS  DENSITY  (LB  /Kt'") 

0.1297 

0.05M 

NOZZLE  EXIT  VELOCHT  (VT/SEC) 

7101 

S3  02 

NOZZLE  EXIT  DLAMI'.TER  (IN.) 

5. SO 

8.00 

GAMMA,  y (CHAMBER) 

1. 13 

1.  13 

CHAMBER  I'RESSURE  (fSIG) 

3000 

3000 

TOTAL  DRIVING  1:NTHALPY.  .\H  (BTV/LB) 

3900 

3006 

•om:  coMi’UTi'.'.!  conr.  oiiM'Kui:Ncr  i)  rQfii.u'.ini’M 
•»CAi.cui-\Ti:o  I'uoM  c<.>ni>>uh  data  I’lun  iDKO  in  ui;vn?i;NCK  g 


The  present  test  point.  O/F  2.v'^0,  for  benzonilrilc  (BZN)  and  liquid  oxj-sien  (LOX)  was 
characterized  completely  and  a full  Mollier  description  of  the  environment  as  a fvmction  of  enthalpy 
and  pressure  was  sener.ateil  for  use  in  tlie  PDA  NOllAUE  am!  N’DSICC  eomputer  programs  (Ueferenee  7) 
from  modified  ODE  computations.  Car!)on  and  tungsten  wall  m.aterials  in  the  same  environment  also 
were  cl»aracterizeti.  and  tal)les  were  generatetl  of  gas-wall  entlialpy  and  ablation  potential  (D-value) 
as  functions  of  temperature  and  pressure.  The  universally  .accepteii  J.-\NAF  reference  state  of  25)s‘’k 
(SoC)  U)  was  used  tlirougliout  the  e.alcul.ations.  These  tabul.ated  data  were  presented  in  Ueferenee  :5. 

2.2.2  Calibration  Mo<lels 


Since  the  BZN/LOX  propellant  system  liad  not  been  used  for  ;my  test  program  prior  to 
tl>e  present  test  scries,  calibration  data  did  not  exist,  lienee,  a series  of  pressure  and  lu'at  flux 
calibration  motlels  were  used  to  characterize  the  exhaust  environment  at  clnmiber  pressures  of  500. 
1500  and  3000  psia  for  the  50-  and  100-atmosphere  nozzle  configurations.  Tl»e  PPL  facility  provided 
all  calibration  models  except  for  a special  biconic  mwlel  supplied  by  PDA.  The  KPL  models  all 
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wei'c  sphero-cone  copper  models  wltli  cone  half-angles  of  7.0  degrees  and  nose  radii  of  0.5,  1.0, 
and  2.0  inches  using  .'\croUierin  null -point  calorimeters.  The  si>ccial  PDA  biconic  heat  flux  calibra- 
tion model  luid  tlie  same  external  configuration  as  the  sluirp  primary  nosetip  model  (descrilx'd  later). 
The  calibrations  at  tlie  various  chamber  pressure  levels  were  necessitated  by  tlie  requirement  for 
model  Insertion  prior  to  steady-state  operation  to:  1)  simulate  high  altitude  prelieat  effects  on  the 
primary  nosetip,  aiul  2)  avoid  high  model  side  loads  encountered  at  tlie  higher  cliamber  pressures. 

A surface  pressure  calibration  model  witli  a nose  radius  of  1.0  incli  and  a cone  half-:uigle 
of  7.0  degrees  was  tested  to  confirm  analytical  prediction  tcclinUiues.  The  calibration  motlels  with 
calorimeter  locations  indicated  arc  sliown  in  Figures  2 tiirougli  5.  Table  2 summarizes,  for  each 
model,  the  axial  locations  of  tlie  sensors  measured  from  model  stagnation  point. 


Figure  2.  KPL  0.50-lnch  nose  radius  c.alorlmetcr  model. 


,2.00  

9 NULL-POINT  calorimeter 


Figure  3.  HPL  1.00-lnch  nose  I'adius  calorimeter  model. 


Table  2.  Calorimeter  location  summary. 
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Cocflr-irail«  ^ ^ ^ ^ ^ 

Xydal  Circmal«TertiJ  Axial  Clzxst^^rfrslial  AxlsI  Ctrr=sirr<=£la 

ScssoT  ijscslU,^  t/c22loc  ticcalkc  ly>calics  lA^caUce  Ixssicc 

<lVj:ro«l*  llaclir5t  |XVcr^«i  (iSiAcsi  tDk^rr^t 
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2.2.3 


Graphite  .Ablation  Models 


Three  ablation  reference  models  were  fabricated  and  tested  In-  PD.A.  results  wre 
correlated  with  analitical  results  from  the  PDA  NOILAKE  XOSEC  computer  programs.  Two  sharp 
models  and  one  blunt  model,  each  identical  in  exterior  profile  to  the  respective  shell  removal 
models,  were  tested  to  define  the  ablation  response  of  graphite  in  the  BZX  1 OX  propellant  <j-stem. 
.Accur.'ite  characterisation  of  the  ablation  rates  was  critical  because  of  the  necessity  to  predict  bum- 
through  times  accurately  for  the  shell  removal  models-  The  ablated  shape  was  of  as  much  interest 
as  the  overall  stagnation  point  or  sidewall  recession,  since  proper  thickness  contourii^  was  neces- 
sary to  assiure  initial  bum-through  at  the  stagnation  point  location- 

Each  model  h»i  a 994-2  graphite  plug  nosetip  held  in  a steel  substructure  insulated  with 
carbon  phenolic  aai  silica  phenolic.  The  external  profiles  were  identical  to  the  shell  removal  models 
discussed  in  Section  2.2.4.  The  sharp  graphite  ablation  model  is  shown  in  Figuie  6.  .A  second  sharp 
model  was  required  because  the  first  model  was  subjected  to  an  off-nominal  mixture  ratio  of  4.1 
because  of  a propellant  system  valve  failure.  The  resultant  high  recessiai  rate  was  not  character- 
istic of  recession  at  the  design  mixture  ratio  of  2.  >.  hence,  the  second  model  was  fabricated  and 
tested. 


2.2.4 


Shell  Removal  Models 


The  .A.X.T..'ERX  RPL  test  models  were  full-scale  models  of  the  prmxssed  flight  designs 
with  a modification  to  the  primary  nosetip  configuration  intended  to  inhibit  thermostructural  failure 
due  to  the  sudden  high  l»at  flax  encountered  darii^  insertion  of  the  cold  nosetip  into  the  exhaust  flow. 


The  modification  consisted  of  removing  material  on  the  spherical  nosecap  to  reduce  the  wall  thickness 
at  tlie  sonic  region.  The  resultant  biconic  shape  reduced  the  tliermal  gradient  and,  therefore,  tlie 
probability  of  tliermostructural  failure  prior  to  burn-through-induced  removal.  Two  test  model  con- 
figurations, representing  tlie  "sharp"  and  "blunt"  flight  models,  were  tested.  The  sharp  and  blunt 
configurations  are  shown  schematically  in  Figures  7 and  8,  respectively. 


Figure  G.  Sharp  graphite  ablation  model. 


Figure  7.  A.  N. T.  sharp  test  configuration. 


Figure  8.  A.N.T.  blunt  tost  conflgurntlon. 

The  sharp  model  consisted  of  a 994-2  graphite  primary  tip  wltli  a 0.40-lnch  nose  radius, 
2C-dogroo  (half-cone)  initial  conic  section,  followed  by  a G.O-degroo  cone.  The  stagnation  point 
thickness  was  nominally  0.30  inch  (versus  0.41  inch  for  the  flight  design).  The  forward  portion  of 
the  shell  was  in  intimate  contact  with  a thin  insulating  pyrolytic  graphite  cap  which  was  supported  by 
an  ATJ-S  graphite  cruciform  block  which,  in  turn,  ti'nnsmlttcd  the  loads  tlirougli  a gi-nphltc  bcarliig 
cap  to  the  tungsten  subtip.  Grafoil  Insulation  was  used  between  the  994  shell  and  tlic  ATJ-S  cruci- 
form on  the  sidewall.  The  blunt  primoi’y  tip  had  a 0.60-lnch  nose  radius  with  40-dogrco  Initial 
conic  section  faired  to  a C.O-dogroo  cone.  The  stagnation  point  wall  thickness  was  0.25  inch  (versus 

0.31  inch  for  tho  flight  design),  and  the  sidewall  thickness  was  0. 15  inch.  The  load  pntli  and  insu- 
lation wore  tlio  same  as  for  tho  sharp  design. 

Tho  sharp  tungsten  subtip  consisted  of  n 0. 75-Inclj  nose  radius  witli  a ().G9-dcgrco  cone 
and  5.0  inch  ovorhimg.  Tho  blunt  subtip  had  a 1.0-lnch  noso  radius  wltli  on  8.42-dogrco  cone  and 
4.0  inch  ovorhjmg.  Both  subtips  included  a 0.05-lnch  tlilck  flame-sprayed  coating  of  molybdenum 
as  an  overlay.  An  exploded  view  of  tho  primary  nosotlp  components  is  sliown  in  Figure  9. 

2.2.5  Subtip  Thormostructurnl  Models 

Tho  subtip  thormostructural  tost  models  wore  essentially  identical  to  tlic  subtip  models 
in  tho  shell  removal  configurations  axcopt  for  tho  following  component  deletions; 

1.  Primary  tip  and  supports, 

2.  forward  skirt,  and 

3.  subtip  overlay. 

Tho  blunt  tungsten  subtip  model  (Figure  10)  was  installed  wltli  a 0.  IG-inch  titick  teflon  glove  to  delay 
subtip  exposure  until  steady-state  operation  was  achieved  in  tho  motor.  Hie  model  was  placed  into 
tlto  rocket  exhaust  at  low  pressure  to  preclude  losing  tito  subtip  duo  to  entry  side  loads.  Upon 
removal  of  tho  teflon  glove,  tho  boro  ^ngston  subtlp  would  oxportonco  minimum  tliormostructurni 
margin-of- safety  (i.o. , peak  thermal  gradient). 
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The  sharp  tungsten  subtip  tnodol  Imd  an  additional  tnodification,  consisting  of  a special 
teflon  prlnnu'y  nosetip,  as  shown  in  Figure  11.  The  teflon  nosol was  evaluated  as  a possible  alter- 
nate primary  tip  for  flight  in  place  of  tlic  994  graphite  shell  configuration.  The  actual  teflon  nosetip 
used  b»  the  UPL  groiuid  test  e-Ktended  to  tlie  subtip  overhimg  shoulder. 


Figure  11.  Sluu'p  subtip  configuration  with  teflon  primary  nosetip. 


2. 2.(5  Instrumentation 

Each  A.N.T./EUN  model  was  instrumented  wltl>  Chromel-Alumel  and  tungsten- rhenium 
thermocouples,  an  Endevco  Model  2292  shock  accelerometer,  and  a K West  .acoustic  recession  gngc. 
Table  3 gives  tlic  dctiiled  description  of  tlic  locations  smd  tj-pes  of  thermocouples  useti  on  each 
design.  Note  tliat  the  thermocouples  under  the  primm’y  tip  and  the  forward  skirt  were  deleted  on 
the  subtip  thcrmostructural  test  moticls. 

Each  ,A.N.T./EHN  model  was  instrumented  witli  an  acoustic  subtip  recession  g:ige  pro- 
vided .and  installed  by  K West  under  subcontr.act  to  PDA.  The  specific  sensor  type  for  eacli  model  is 
given  in  Table  4.  Tlirec  of  tlic  mo<icls  used  the  pulse/echo  t>Tx;  of  acoustic  recession  sensor  that 
had  been  selected  for  use  on  tlie  flight  nosetip  units  (Reference  2).  However,  since  recent  ground 
and  flight  test  results  had  bidicated  a low  probability  of  success  for  tlds  sensor,  additional  work  was 
being  performed  to  develop  a new  tj'pc  of  acoustic  sensor  tliat  measured  the  length-dependent  reso- 
nant frequency  in  the  nosetip  (Section  (>.  1).  The  fourth  test  model  contained  one  of  tlmse  resonance 
wave  acoustic  recession  sensors. 

SL\  pyrometers  were  used  to  measure  U»e  e.xternal  surface  temperatures  of  the  mcniels, 
.and  liigh  speed  motion  picture  coverage  was  provided  by  eight  motion  picture  cameras. 
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Table  3.  Summary  of  nose  tip  thermocouple  functions. 


0.032  Steel-Shcathcd 
Cr/Al 

0. 032  Steel -Sheathed 
Cr/Al 

0. 032  Steel-Sheathed 
Cr/Al 

0.032  Stecl-She.athcd 
Cr/Al 

0.032  Steel-Sheathed 
Cr/Al 

0.032  Steel-Sheathed 
Cr/Al 

0.010  Tantalum- 
Sheathed  \V/\V-2Gt{e 
0. 032  Stcol-Shcathed 
Cr/Al 

0.032  Stecl-She.athcd 
Cr/Al 


IKISITIO.V  (I.S’CIl) 


AXLM. 

1 lUDLVL 

A.\L\1, 

UADLM. 

9.07 

0.00 

1 

13.23 

0.00 

9.38 

0.55 

13.50 

0.70 

11.70 

0.90 

15.22 

1.15 

12.97 

1.00 

10. 12 

1.29 

14.22 

1.20 

17.02 

1.13 

14.90 

0.91 

17.00 

1.04 

15.32 

0.72 

18.52 

0.84  1 

15.82 

0,72 

18.52 

0. 34  \ 

10.77 

0.89 

18.52 

0.97 

rCSCTlO.N' 

Primary  ti|)  removal 
sta);natiun  point 

Primary  tip  removal 
sidewall 

Korw.aid  hc.itshield 
stripbaek 

Forward  heatshicld 
stripbaek 

Forward  heatshield 
stripbaek 


Tantalum  holder  tempera- 
ture (hipl>  temperatut  e 
measurement) 


Erosion  guard  ^ 
porlormanco 


A9  2S  Gage  Glass-Wr.apped  IS. -IS  1,27  19.70  1.30  Aft  hc.atshiold  stripbaek 

Cr/Al 

AlO  23  G.age  Glass-Wrapped  19.39  1.55  20.09  1.00  Aft  heatshicld  stripbaek 

Cr/Al 

All,  nil  28  Gage  Glass-Wr.apped  20.23  l.SO  21.00  1.90  Aft  heatshicld  stripbaek 

Cr/Al 


0.032  Steel-Sheathed 
Cr/Al 


0.35  Acoustic  transducer, 
subtip  backface 


Cl,  D1  0.010  Tanlalum- 

Shc.athod  W/W-2CItc 

C2,  D2  0. 010  T.ant.alum- 

Shcathed  W/W-20Itc 


10.05  1.00  19.00  1.S5  Heatshield  in-depth 

temperature 

10.25  1.10  19.14  1.59  Heatshield  in-depth 

temperature 


C3.  1)3  0.020  Sleel-.She.athcd  15.35  1.20  13.02  1.33  He.at.shleld  in-depth 

Cr/Al  temperature 

“ Tlicrmocouple.s  A are  at  120°,  B .at  300°,  C at  30°,  and  I)  at  210°  (vehicle  azimuth  angles).  Tliormocouplcs  in  parentheses 
not  installed  on  thermostructural  test  moiiels. 

’•  ANl.al  position  measured  from  tlieorctie.al  vehicle  aix'X. 


Table  4.  Acoustic  sensor  suininoi’y. 


UPL  TEST 
NUMBER 

DATE 

PDA  SUB  TIP 

MODEL 

ACOUSTIC  SENSOR 

MODEL  AND  TYPE 

105 

7-2-75 

BT-3 

309-3S  SN2 

Shear  Wave 

109 

7-17-75 

BD-4 

309-33  SN2 

Compression  (1.5  mllz) 

ISO 

10-21-75 

BK-4 

309-.32  SN3 

Shear  Wave 

1S9 

11-14-75 

BM-4 

310-R 

Resonance 

2.3  TKST  METHOD 

Four  A.N.T. /ERN  models  mul  two  graphite  ablation  models  were  tested,  as  summarized 
in  Table  5.  Each  test  model  was  mounted  on  tlic  centerline  of  the  rocket  exhaust  and  mated  to  the 
UPL  movable  sting  system  using  a common  adapter  provided  by  PDA.  Each  test  was  st:u'tcii  witli 
the  model  positioned  0.25  inch  aft  of  the  nozzle  exit  plane.  Figures  7 and  ti  show  the  relationship  of 
the  model  to  tlie  Maclt  cone  intersection  and  the  nozzle  c.xit  plane  for  the  sharp  and  blimt  primary 
nosetip  configurations,  respectively,  in  tlie  100- atmosphere  nozzle.  The  test  continued  with  motiels 
in  this  position  until  burn-tlirough  or  removal  of  the  priinary  tip  (if  present)  occurred,  at  whlcli 
time  the  sting  was  moved  forward  to  position  tlie  subtip  0.25  inch  aft  of  tlie  nozzle  exit  plane.  Axial 
forward  motion  was  3.25  Inches  and  2.55  inches  for  tlie  sharp  and  blunt  nosetip  models,  respectively. 

The  forward  motion  was  actuated  by  tlie  UPL  test  conductor  upon  visual  observation  of 
the  primary  nosetip  removal  via  remote  color  television.  Visual  observation  was  found  to  be  a more 
reliable  indication  of  removal  tlian  surface  temperature  changes  monitored  by  the  pyrometers  because 
intermittent  unburned  fuel  clouds  (from  excess  fuel  sprayed  on  the  chamber  walls  for  cooling)  tended 
to  mask  tlie  surface  of  tlie  model. 

Because  of  tlie  excessively  high  bending  loads  which  would  result  from  model  insertion 
into  the  flow  at  full  stagnation  pressure,  it  was  necessary  to  insert  the  models  at  a reduced,  or 
"vernier"  level,  oper.ating  condition  which  produced  a stagnation  pressure  on  the  order  of  12  to  IS 
atmospheres.  The  graphite  primai’y  nosetip  models  were  protecteil  by  a polyetliylenc  bag  from  the 
nozzle  wall  coolant  flow  during  insertion.  The  tungsten  subtip  models  had  teflon  covers  to  keep  the 
tungsten  from  being  exposed  until  ste.adj'-state,  high  pressure  operating  conditions  were  achieved. 

The  teflon  glove  on  tlie  sharp  subtip  niwlel  was  of  a full-sc.'ilc  primary  tip  configuration  (Figure  10). 

The  primai’y  nosetip  removal  tests  not  only  required  insertion  of  the  models  at  the  vernier 
(500  psia  chamber  pressure)  level,  but,  in  addition,  an  extended  preheat  time  was  required  at  this 
level  to  alleviate  the  thermal  gradient  that  would  bo  induced  at  the  higher  pressure  conilitions.  The 
preheat  allowed  for  some  bulk  temperature  rise  to  occur  before  ramping  up  to  tlie  high  pressures 
and,  thus,  relieved  tlie  thermal  shock  response  .and  inhibited  tliermostructural  failure. 
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Table  5.  Design  verification  test  matrix 


2.4 


CALIBRATION  RESULTS 


2.4.1  Beat  FUl\  aiid  Pressure- 

.A  series  of  ten  heat  fliec  calibration  runs  and  one  pressure  calibration  run  were  made  in 
the  RPl.  lO'J-atmosphero  mul  50-atmosphere  nozzles  at  chamber  pressures  of  500,  1500,  and  3000 
psla.  The  principal  objective  of  the  calibration  runs  was  to  correlate  tlie  measured  and  tlieoretlcul 
surface  heat  tr.ansfer  distributions  to  provide  a basis  for  accurate  predictions  of  tlie  abl.atlon  and 
thermosti’uctural  response  histories  of  the  A.N. T./ERN  flight  nosetlp  models. 

All  lieating  analyses  were  performed  with  the  NO>lARE  code  (Reference  7)  and  accountetl 
for  actiuil  motor  performance  losses.  Measurements  by  facility  personnel  (Reference  8)  indicated 
that  the  performance  (C*)  efficiency  was  approximately  07  percent  at  tlic  design  operating  condition 
of  3000  psla  chamber  pressure  mid  propellmit  mixture  ratio  of  2.80.  Rowever,  at  tlie  500  psia 
vernier  condition  used  for  mo<iel  preheat,  tlie  measured  C*  efficiency  was  only  90  percent. 

Several  possibilities  were  considered  to  account  for  the  reduced  efficiency  at  tlie  low 
pressure  condition.  These  included;  1)  chemical  kinetics,  2)  boundary  layer  losses,  3)  nozzle 
divergence  losses,  4)  mixture  ratio  maldistribution,  anti  5)  energy  release  losses.  A series  of  cal- 
culations and  nozzle  design  evaluations  were  perfornictl  (Reference  3)  to  select  tlie  probable  source(s) 
of  the  performance  losses  and  to  define  the  proper  nietliod  for  describing  the  e.xhaust  flow  conditions. 
Tlie  results  of  tills  study  indicated  tliat  the  first  three  possibilities  would  not  be  significimt  for  this 
nozzle/propellant  system.  Thus,  the  most  likely  sources  of  tlie  measured  performance  losses  arc 
some  combln,atlon  of  incomplete  energy  release  and  mixture  ratio  maldistribution. 

The  energy  release  (i.e.,  combustion)  process  in  a liquid  propellant  system  involves  a 
complex  conibbiation  of  thermodynamic,  fluid  dynamic,  and  chemical  processes.  .A  review  of  the 
analytical  capabilities  for  describing  these  processes  was  performed  by  the  Interagency  Chemical 
Rocket  Propulsion  Group  (ICRPGI  for  J.AN.AF  (Reference  0).  This  review  concluded  that  the  energy 
release  phenomena  cannot  be  described  adequately  by  current  analytical  techniques.  .As  a result  of 
this  conclusion,  the  ICRPG  committee  adopted  an  empirical  technique,  known  as  the  energy  release 
model  (Refeience  10),  as  an  interim  procedure  for  predicting  energy  release  inefficiencies.  Basi- 
cally. this  procedure  moilels  incomplete  energy  release  analytically  by  reducing  the  total  energy 
of  tlie  system  available  in  the  expansion  by  the  use  of  effective  propellant  heats  of  formation  that 
have  been  artificially  lowered  from  their  standard  .lAN.AE  values.  Prior  to  expansion,  100  percent 
of  the  propellant  is  presumed  to  be  in  thermodynamic  equilibrium  at  the  reduced  enUialpy  level. 

The  chemical  and  fluid  dynamic  calculations  for  the  expanding  combustion  products  are  then  made 
in  their  usual  manner,  and  the  calculated  performance  is  reduced  because  of  the  lower  eiiergj’  av;iil- 
able  to  the  expansion  process.  The  procetlure  is  repeated  iteratively  until  agi'eeinent  is  obtained 
with  the  measured  C*  value.  It  should  be  noted  that,  with  this  technique,  all  j)erforinanco  losses 
are  attributed  to  a loss  in  energy  release. 

•An  alternate  method  of  accounting  for  the  lowered  C*  efficiency  is  to  assume  that  the 
entire  performance  loss  is  caused  by  incomplete  fuel  vaporization  (lEV  model).  The  b:isis  for  tlie 
lEV  model  is  the  assumption  that  propellant  v.aporization  is  the  rate  controlling  combustion  process 
(Reference  11).  The  most  important  physical  parameter  in  the  vaporiz.ation  prot'ess  is  tlie  heat  of 
vaporization.  Thus,  a propellant  such  as  BZN.  which  has  a high  heat  of  vaporization,  will  require 
a relatively  long  combustion  chamber  to  achieve  complete  v.aporization.  Further  more,  since  the 
vaporization  rate  is  pressure-sensitive,  an  engine  operating  at  pressure  levels  substantially  lower 
than  the  design  values  may  exhibit  retiucetl  performance.  The  1F\'  model  assumes  that  the 
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unvapolized  fuel  is  inert,  has  no  effect  on  performance,  occupies  no  volume,  and  does  not  contribute 
to  the  chamber  pressure.  No  other  sources  of  performance  losses  are  considered.  This  model  pro- 
vides a worst-case  estimate  of  e.xhaust  conditions  in  tlie  sense  that  incomplete  vaporization  of  the  fuel 
will  result  in  the  presence  of  hij;her  mole  fractions  of  chemical  species  that  arc  capable  of  oxidizinfj 
or  reducing  carbon  (e.g. , O2,  O,  Oil,  and  II2O). 

Nozzle  heating  and  thermal  response  calculations  were  performed  (Itcfcrcnce  3)  using 
e.xhaust  flow  properties  computed  with  the  assumptions  of  ideal  flow,  the  energy  release  model  (hTt-M), 
and  the  IFV  model.  Stagnation  point  heating  and  recession  rate  histories  were  computed  for  carbon 
models  witli  initial  nose  radii  of  0. 1,  0.2,  ;md  0.-1  inch  for  chamber  pressures  of  500  and  000  psia. 

The  results,  summarized  in  Table  (>,  show  that  increasing  the  chaml)er  pressure  over  tliis  range  has 
small  effect  on  all  parameters.  Similarly,  very  little  effect  was  produced  by  U>e  cliange  in  nose  radius 
from  0.1  inch  to  O.-l  inch.  However,  there  were  significant  differences  between  the  results  predicted 
witli  the  three  flow  models.  The  cnorg>'  release  model  calculations  show  a small  (2  - I percent) 
decrease  in  surface  recession  rate  relative  to  tlic  ideal  flow  case,  while  the  IFV  model  predicts  a 
15  percent  increase  in  surface  recession  rate.  The  enthalpy  driving  potential  and  the  surface  tem- 
perature predicted  with  the  energy  release  model  are  lower  by  about  27  percent  and  35  percent, 
respectively,  tlian  in  the  ideal  case.  The  IF\’  model  causes  a 11  percent  reduction  in  the  enthalpy 
difference  and  a 1 percent  increase  in  surface  temperature  relative  to  the  ideal  calculations. 

Preliminary  correlations  of  tlic  calorimeter  mo<!cl  heat  flu-x  data  (presented  below)  indi- 
cated better  agi'cement  witli  the  cnorg>'  release  model.  The  actual  flow  conditions  probably  are 
represented  by  some  combination  of  tlie  energy  release  luul  IFV  models.  However,  in  the  absence 
of  imy  additional  data  with  which  to  correlate  the  analytical  preilictious,  ■hr>  energy  releas*'  model 
was  selected  for  use  in  all  of  the  data  correlations  .and  nosetip  re.sponse  p«  CvMciions  involving  the 
vernier  preheat  condition. 

The  c.alibration  tests  performed  during  this  test  series  :u  e summar  -c.l  in  Table  7.  The 
locations  at  which  the  Mach  lines  impinged  on  the  calorimeter  mwlds  ai a show!;  scliematically  in 
Figure  12  for  tlie  various  combinations  of  nozzle  ;uk1  motiel  configurations.  The  Mach  line  angle  ((t) 
was  computed  from  tli(>  e.xpression 
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where  M^  is  tlie  theoretical  c.xit  piiuic  Mach  number.  The  impingement  location  defines  the  point 
aft  of  which  the  heating  is  less  well-ilefined,  since  it  is  outside  the  test  rhombus,  or  region  of  con- 
stimt  freestream  properties.  The  calorimeters  aft  of  the  impingement  (loint  were  of  special  interest 
since  they  would  define  this  eniiroiiment. 


Figures  13  through  is  present  the  calorimeter  data  superimposed  on  the  Ix'st  NOH.AUK 
computer  program  predictions,  which  accounted  for  the  actual  C'  efficiencies  measured  during  the 
tests,  as  discussed  above.  The  calorimeter  data  aft  of  tlie  Mach  cone  impingement  locations  were 
correlated  initially  by  .Aerotherm  (Hcfercnce  12)  by  plotting  the  normalized  heat  flax  quantiU', 

versus  the  .axial  distance  from  the  Mach  line  impingement  point.  The  .Acrotherm  corre- 
lation, however,  showed  more  data  points  than  were  available  from  the  .A.  N.T./EHN  test  series. 


'(.)  is  the  predicted  heat  flax  at  the  Mach  line  intersection  on  the  model  (sec  Figure  13). 
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Table  7 . A . N.  T.  /RPL  calibration  test  summary. 


CHAMBER  PRESSURE,  PSI 


MODEL  STAGNATION  PRESSURE,  ATM  100 


NOZZLE  DIAMETER,  IN 


NOSE  RADIUS,  IN  (a) 


0. 50 


1.0 


RPL  TEST  NUMBER 


#158  #180,#183 


2.0 


0.  40,  26°  BICONIC 


NOTES:  (a)  Heat  flu-x  distribution  calibration  unless  otherwise  noted 

(b)  Pressure  distribution  calibration 


#157,  #168  #179 

#163  (b) 


#178.2 


h- MODEL  s ag.  pi.  position 

e-  2^  -21.2* 

. 0 - r CONE  ANGLE 

-1  1 

6=  5in  2~^  *26.4* 


TIP  RADIUS 
(IN.) 

NOZZLE 

•impingement  PT.I 
(IN.)  1 

0.50 

50  ATM 

7.30 

0.50 

100  ATM 

3.75 

).00 

50  ATM 

6.45 

1.00 

100  ATM 

3.05 

2.00 

50  ATM 

4.75 

2.00 

100  ATM 

1.60 

>MEASUS£0  FROM  MODEL  STAGNATION 
ASSLINMNG  0.2SHNCH  POSITION 
AFT  Or  EXIT  PLANE  — 
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AXIAL  DISTANCE  FROM  NOZZLE  EXIT  PLANE  (INCHES) 

Figure  12.  Mach  line  impingement  locations  on  calorimetci  models. 
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and  the  2.0-inch  nose  radius  calorimeter  data  were  not  included  in  the  correlation.  Figure  19  shows 
all  the  available  data  acquired  from  the  heat  flux  calibration  models.  The  conclusion  that  the  heat 
flux  decreases  linearly  to  one-fourth  the  value  at  the  impingement  point  at  an  axial  distance  3. 0 
inches  aft  of  the  impingement  point  is  valid  except  for  the  2. 0 inch  calorimeter  model  results.  Three 
of  the  data  points  on  this  model  indicated  laminar  flow  values , and  this  was  confirmed  by  subsequent 
analysis.  The  blunt  2.0-inch  radius  calorimeter  model  thus  experienced  asymmetric  heating.  This 
I'nearly  decreasing  heat  flux  was  incorporated  into  all  analyses  performed  after  October  15,  1975. 

I rior  to  tliis  date  the  heat  flux  was  reduced  to  one-fourth  the  value  at  the  impingement  location  at  a 
distance  0. 50  inch  aft.  The  correlation  of  NOHARE  prediction  to  the  data  for  the  pressure  calibra- 
tion is  shown  in  Figure  20. 
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AXIAL  DISTANCE  FROM  MACH  LINE  IMPINGEMENT  OF  MODEL  (INCHES) 
Figure  19.  Heat  transfer  correlucion  outside  model  test  rhombus. 


2.4.2  Graphite  Ablation  Results 


Three  994  graphite  ablation  models  were  fabricated  and  tested  bj'  PDA  during  the  Design 
Verification  Test  Series  of  the  A.N.  T.  program  (Reference  2).  The  primary  objective  of  the  graphite 
ablation  tests  was  to  calibrate  the  graphite  recession  in  the  BZN/LOX  propellant  system  which  pre- 
viously had  not  been  used  at  AFRPL.  The  nature  of  the  A.N.T./ERN  nosetip  design  required  accu- 
rate characterization  of  the  graphite  shell  recession  to  assess  the  overall  removal  mechanics  of  the 
design.  Specifically,  burn-through  location  (desired  at  the  shell  stagnation  point)  and  burn-through 
time  were  critical  parameters  in  assessing  the  removal  characteristics  of  the  shell  and  in  facilitating 
pretest  planning  and  analyses. 

Two  models  were  planned  originally,  but  a third  model  was  needed  when  the  first  sharp 
model  was  exposed  to  an  abnormal  mixture  ratio  condition.  The  graphite  recession  results  are  sum- 
marized in  Table  8.  Comparisons  of  the  NOHARE  computer  code  predictions  with  the  measured 
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Figure  20,  NOIL^RE/HPL  pressure  calibration  correlation 


Table  8.  Summary  of  graphite  ablation  calibrations. 


TEST 

NO. 

MODEL 

(1=7  DEG 
c 

EXPO.SURE 

TIME 

(SEC) 

As 

MHASUHED 

(IN') 

100 

H1>L  HLUNt'^’ 

H„  = 1.00 

N 

(Sphorc-Coiic) 

G.  1 

1 

0.94 

161 

a.n.t.  hlu.nt 

(40  Deg  Blconlc) 

3.07 

0.48 

164 

A.N.T.  SH/\RP 
(26  Deg  Dlconlc) 

2.46 

0.46 

^■'’cALCUIATKl)’** 


1.  Using  Iloat  Mux  Cnllurntlon  Data  for  0.5  Moilol;  V = 1.13 

2.  Prclliiiln.'iry  Heating  Data  Used  vvltli  an  Estimated  Value  for  >’of  I 

3.  .Mwlel  Supplied  and  Tested  by  AKRI’I 


As 

.MEAS. 


IIE.MARKS 


RI>L  ATJ  Graphite 
Mwlel 


Model  Droke  Off 
Cj  At  2.0. Sec 


datji  from  the  two  valid  graphite  ablation  tests  are  shown  in  Figures  21  and  22  for  the  blunt  and  sliarp 
models,  respectively.  These  predictions  incorporated  tlie  latest  refinements  leased  on  tlve  ealil)ration 
results  of  Section  2.4.1  and  the  code  I'efinemcnts  incorporated  after  tlie  l)lunt  A.N.'l'.  MdtN  sliell 
removal  test  (Section  2.5). 
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I’lu'  NOIlAI\l'.’  correlations  lor  both  “rai)liit(‘  alilation  model  tests  \\i  re  ^oikI.  'I'lu'  i-om 
piitei  code  t('nded  to  ovei'iiredii't  tiu'  la'cession  l)_\  la  to  Is  pereiait  (see  'ralih"  S),  wliiidi  was  i‘onser\ 
atui'.  I’l  e-test  and  post-ti‘st  i)liotoj;rai)lis  of  the  sluirp  aiut  l>lunt  models  aia*  shown  in  fi^uri's  2;i 
ttiroii^li  2r>.  rile  lihmt  moilel  sliowc'd  an  area  of  apparenlt.\  hijihei'  I'eeession  on  the  270  dei;i'('OS  side 
ol  tile  moilel  A isihU-  on  the  left  side  of  the  0-de^M‘e  liew).  'I'liis  anomaly  was  attribntisl  to  a tliernu 
stuii  tuial  laihue  ot  the  jtraphite  from  impropei  suiiport  tlteforenee  la).  'I'he  faifuri'  pi  eeipitateil  a 
loss  ot  material  that  aeeounteii  for  the  asynuiietrie  shape.  This  support  prolilem  was  isn  u'l  ted  for 
the  second  sh.irii  nioilel.  K.xeoiit  for  this  pi'oblein,  tin-  ablated  piofiles  showed  ao(id  .i_s;reemi'nt  with 
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The  second  sharp  model  test  produced  an  excellent  axisymmetric  specimen  with  a stable 
equilibrium  profile  and  excellent  agreement  witli  predieted  recession  rates  and  profiles.  The  test 
confirmed  recession  rates  and  probable  equilibrium  shapes,  which  enabled  final  contouring  of  the 
shell  removal  model  internal  and  external  shape  and  thickness  configurations. 

2.  5 RESULTS  OF  MODEL  TESTS 

Two  graphite  shell  removal  tests  and  two  tungsten  subtip  thermostructural  tests  were 
completed  during  the  Final  Design  Verification  Test  Series  from  July  through  November  1975. 

Table  9 summarizes  the  principal  test  results,  including  shell  or  glove  removal  time,  subtip  expo- 
sure time,  and  total  recession.  Table  10  gives  the  times  of  each  major  event  and  the  respective 
chamber  pressure  at  that  time.  All  times  were  taken  from  the  high  speed  digital  data  or  measured 
from  analysis  of  tlie  high  speed  films.  The  chamber  pressure  profiles  for  each  test  ai'e  shown  in 
Figures  26  through  29.  The  events  summarized  in  Tables  9 and  10  are  also  shown  on  these  figures. 
From  tlie  pressure  calibration  data  and  the  theoretical  calculations,  the  steady-state  values  of  stag- 
nation pressure  actually  were  103  and  53  atmospheres  for  the  "100"  atmosphere  and  the  "50"  atmo- 
sphere nozzles,  respectively,  at  a steady-state  chamber  pressure  of  3000  psig. 

Table  9.  A.N.  T,/RPL  design  verification  test  summary. 


PDA  MODEL  NUMBER 

BT-3 

UD-i 

BK-1 

BM-4  1 

MODEL  DE.SCRIPTION 

BLUNT 

SinJTIP 

FULL-SCALE 

(PRESMAVED) 

BLUNT 

ANT/ERN 

NOSETIP 

FU1J.-6CALE 

(P.q.ESILWED) 

SHARP 

ANT/ERN 

NOSEI'IP 

( 

SHARP 

SUBTIP 

HP[.  TEST  NO. 

105 

109 

180 

189 

TEST  DATE 

7-2-75 

7-17-75 

10-21-75 

11-14-75 

STI:ADY  STATE 

STAGNATION  PRE.SSURE  (ATM) 

103 

90 

103 

53 

TOTAL  TIME  IN  JET  (SEC) 

•1.  -19 

G..37 

S.-IO 

9.78 

TIME  OF  .SIIELL 

OR  GLOVE  REMOVAL  (SEC) 

0.  GO 

0.99 

3.85 

2.  2*1 

TOTAL  TIME  OF 

TUNGSTEN  EXPOSURE  (SEC) 

.3.83 

5.39 

4.01 

7.54 

TOTAL  TUNGSTEN  RECESSION  (IN) 

1.00 

1.3'1 

2.0 

1.80 

/.TEFLON  GLOVE  INSTALLED  ON  SUBTIP  UNITS  BT-3  AND  BM-4 
50  ATMaSPHEBE  NOZZLE 


Table  10.  >!,.N.T./RPL  design  verification  test  events. ' 


UPI.  'ITST  NUMUKll 

1C5 

109 

180 

189 

PDA  M01)KL  NUMBKR 

BT-3 

B»-4 

BK-4 

BM-4 

Model  Kilters  Jet  (Sec) 

12.87 

7.53G 

0.485 

0.722 

Cliaiiiber  Pressure  (PSIG) 

15C(> 

480 

405 

540 

Model  on  C (Sec) 

13.00 

7.942 

0.800 

0. 875 

Chamber  t'ressurc  (PSIG) 

1080 

501 

590 

575 

Shell  or  Glove  nemoved  (Sec) 

13.53 

8.528 

10.333 

9.01 

Chamber  Pressure  (PSIG) 

2750 

1491 

2021 

2850 

Subtip  Moves  Forward  (Sec) 

Model  In 

Chamber  Pressure  (PSIG) 

position  at 

2590 

2750 

2974 

Subtip  In  Forward  Position  (Sec) 

Insertion 

10.757 

11.324 

10.883 

Chamber  Pressure  (PSIG) 

2570 

2790 

2994 

Subttp  Fragmentation  Time  (Sec) 

None 

13.37 

13.55-13.03 

15.42-10. 03 

Chamber  Pressure  (PSIG) 

2595 

2998 

2959-2951 

Subtip  Moves  Daclt  (Sec) 

17.23 

13.320 

14.240 

10.413 

Chamber  Pressure  (PSIG) 

2702 

2000 

2997 

2959 

Subtip  l/cavcs  Jet  (Sec) 

17.30 

13. 900 

14.945 

17.080 

Chamber  Pressure  (PSIG) 

2.12 

430 

258 

350 

•Time  In  Seconds  from  Facility  Fire  Signal 


Figure  2(1,  Chamber  pressure  hislory  — HPI.  Test  lOf)  (blunt  subtip). 
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Figure  2S.  Chamber  pressure  histon*  - KPl.  Test  (sharp  removal  test) 


Figure  29.  Chamber  pressure  history  — RPL  Test  1S9  (sharp  subtip  test). 


2.5.1  Test  1G5.  .Model  BT-3.  Blunt  Subtip 

This  blunt  thcrmostructural  subtip  mo<iel  was  tested  without  the  molyb<lcnum  overlay  and 
without  the  forward  heatshicld  skirt.  A teflon  cover  was  used  to  delay  exposure  of  the  mo<iel  until 
steady-state  motor  conditions  were  achieved.  Figure  30  shows  the  pro-test  photograph  of  the  motiel. 
The  model  entered  the  exhaust  jet  12.  S7  seconds  after  fire  signal.  The  teflon  glove  was  removed 
0.  ilG  second  later  at  13. 53  seconds  from  fire  signal.  A re\icw  of  the  test  films  indicated  melting 
over  the  spherical  portion  of  the  model  with  ri\-ulets  of  molten  tungsten  flowing  off  the  nosccap  along 
the  sidewall  and  onto  the  heatshield.  Roughened,  longitudinal  groove  -like  patterns  wore  formed  on 
the  sidewall,  possibly  formed  from  vortex  shcddii^  of  flow  from  the  ri\'ulets  of  molten  tungsten  at 
the  model  shoulder  or,  alternatively,  from  the  flow  of  molten  tungsten  over  the  softened  tungsten. 
Additionally,  crosshatching  was  evident  over  the  sidewall  areas  with  regions  of  fully  developed  scal- 
lop patterns.  No  fragme.atation  or  loss  of  tungsten  was  observed  during  the  test,  although  the  model 
was  found  to  be  cracked  upon  post-test  inspection.  Later  analysis,  discussed  in  Section  2.C.2,  sub- 
stantiate<i  that  internal  cracking  probably  occurred  during  the  test.  The  test  motiel  showeei  an  appear- 
ance of  asymmetric  flow  in  both  the  stagn.ation  region  and  the  sidewall.  Tlie  0-  to  90-dcgrcc  region 
(looking  into  the  nozzle)  of  the  subtip  indicated  a region  of  high  heating,  possibly  the  boundary  layer 
transition  location  aft  of  the  tangent  point.  The  stagnation  region  assumed  a blunter  profile  for  this 
region.  The  other  rays  tended  to  show  a high  probabiliU*  of  transition  on  the  shoulder  or  sonic 
region  because  of  the  sharper  equilibrium  profile.  These  rays  did  not  show  a pronounced  increase 
in  heating  and  recession  on  the  sidewall. 

Cracks  were  \isiblc  upon  post-test  inspection  on  the  RPL  sting.  The  cracks  appeared 
much  as  indicated  in  the  photographs  in  Figure  31.  Note  the  segmented  nature  of  the  cracks.  The 
shear  wave  acoustic  sensor  failed  to  function  and  no  recession  data  were  acquired. 
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‘•:.r..2  'lV»t  ItiU,  Mwlol  HI)-),  lUunt  A.N.T./KUN  Tip 

Tilt’  blimt  hIu’U  romuviil  iikhIi’I  wiih  toHtod  wllli  the  I’lill-Hi’iile  nliell  e<)iifli;iiriilli'ii,  fin  wiinl 
hKIi'I,  aiul  overlay  eonipuiienta  Intact.  The  ahell  illffereil  from  tile  flluht  deHljjii  only  In  llial  the  nhell 
wiiM  preMliaved  to  a blconle  Hhape  to  reduce  the  thleUneHH  In  the  Honlc  rei;Ion  and  thereby  lower  die 
probability  of  lliermoatruetiiral  failure.  Figure  Ti  hIiowh  a pre-teat  photograph  of  tlila  lilunt  aliell 
removal  model. 


Figure  111!,  Pre-teat  photogiv.ph  of  blunt  ahell  removal  model  MP-I. 

The  primary  noaetlp  entered  the  exhauat  at  7,r>;Ui  aeeonda  after  tlie  fire  algnal.  At  s.i;a 
to  s,2ri  aeeonda,  lilgli  apeed  motion  picture  coverage  Indicated  particle  Impacta  on  the  aliell.  T!ie 
aliell  waa  obaerved  to  crack  at  a.Md  aeeonda.  Pyrometer  and  tliermoconph’  data  Indicated  the  .'ihell 
waa  completely  removed  by  .H.nua  aeeonda.  The  aubtlp  moved  forward  at  10.2712  aeeonda  and  waa 
lU'U’rmtned  to  be  full-forward  at  10.7ri7  aeeomla.  The  model  atarted  back  at  111.  .’120  aeeonda  and 
rotated  out  of  tlie  exliauat  at  Ft.  000  aeeonda,  Itevlew  of  the  motion  idctnrc’a  liullcated  tungaten  siibllp 
failure  aiiproxlmately  0,2r)  aecond  iH'forc  ahublown,  or  i:i,;i7  aeeonda.  The  beat  evidence  of  thia 
appeared  on  the  facility  eameraa  which  captured  the  trajectory  of  three  aegmenta  tliat  were  ejected 
from  tlu’  iiKHlel.  Tlie  loaa  of  aubtlp  material  waa  from  the  third  quadrant:  l.e. , from  ISO  to  27(' 
degreea  (looking  Into  the  nozzle).  The  pholographa  In  Figure  tltl  clearly  ahow  the  extent  and  location 
of  the  loaa. 


Tlu'  poat-teat  pholographa  of  thla  model  (Figure  It.'l)  ahow  a different  iilcture  of  the  tungaten 
from  the  flrat  thermoatructural  teat  (Figure  til).  The  aegmented  fracturing  la  almlbir  to  the  first 
teat;  however,  the  nature  or  character  of  the  melt  layer,  aldewall  roughneaa,  :ind  croaahatch  paPern 
formation  la  modified,  being  leaa  pronounced  In  thla  teat. 

A algnlflcant  occurrence  obaerved  In  the  film  coverage  waa  the  appearance  of  a shock 
Induced  within  Ihe  nozzle,  reauUlng  In  a ataiullng  shock  Implngemenl  on  the  apherlcn!  portion  of  the 
iiKHlel  during  the  tireheat  transient.  Further  dlacuaalon  of  thla  ahock  formation  la  presented  In 
Section  2.  (1, 1. 
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Figure  33.  I^st-tcst  phot<^raphs  of  blunt  shell  removal  model  BD-4. 

2.5*3.  Test  l^G.  Mociel  BK-4.  Sh.arp  A.X.T./ERX  Tip 

The  sharp  A.N.T.  EllN  shell  removal  mo<!el.  designateti  BK— 1.  was  identical  in  configu- 
ration and  components  to  the  sharp  flight  motiel  wiU>  the  exception  of  a pre-shaveti  biconic  shape  for 
the  shell  to  lower  the  probabilitj’  of  thermostructimal  failure.  .A  pre-shaved  thickness  of  0. 30  inch 
at  the  stagnation  pt)int  wus  selected  to  ensure  bum-through  at  the  stagnation  point.  Figure  31  shows 
a pre-test  view  of  Model  BK— t.  Table  11  is  an  event  summary  of  Test  1:^0. 

The  mo<lel  cntcretl  the  exhaust  at  G.-1S5  seconds  after  the  fr^ilitj-  fire  signal  The  nuviel 
was  in  the  preheat  condition  until  9.933  seconds.  Motion  picture  coverage  indicated  particles  {• 
pinging  on  the  motiel  during  this  preheat  phase,  causing  some  material  loss  on  the  shell.  The  extent 
of  surface  liamage  or  materi.5l  lo^s  was  not  completely  discernible,  although  bright  spots  were  evi- 
dent where  impingement  losses  occurred,  (.inc  area  on  the  O-degree  meridian  near  the  stagnation 
point  showed  an  indentation  in  profile  on  two  cameras.  Later  frames  seemed  to  indicate  that  burn- 
tlirough  occurred  in  this  general  area.  The  evidence  of  bum-through  or  "punch-out"  of  the  shell 
near  the  stagnation  point  was  captured  on  film  at  10. 333  seconds  and  is  shown  in  the  photographic 
sequence  shown  in  Figure  35,  taken  from  individual  mo\ie  frames.  After  punch-out  occurred,  the 
flow  entered  the  intei  ior  of  the  shell  at  near-shumation  pressure.  The  unequal  force  that  was  imme- 
diately generated  tendeti  to  thrust  the  shell  foiavar^l  as  seen  in  Frame  Number  2.  The  forward  thrust 
was  ai'rested  as  flow  procectied  out  the  increasing  annular  area  createtl  at  the  aft  bond  area  of  the 
shell  and,  concur rentlj-,  the  shell  failcii  as  anticipates!  from  the  internal  pressurization.  The  shell 
shattered  explosively  and  the  small  pieces  were  c.irriet!  clear  of  the  afterbodj-  by  the  exhaust  flow. 
The  ATJ-S  cruciform  section  and  bearing  cap  were  seen  to  rotate  clear  in  the  fifth  frame.  The  final 
frame  showed  the  closed  tungsten  subtip  with  its  attendant  bow  shock.  This  entire  sequence  was 
accomplishes!  in  0.005  secom!.  The  stagnation  pressure  at  the  time  of  bum-through  was  appraxi- 
matcly  69  + 1 atmospheres,  which  was  lower  tlian  the  90  atmospheres  presiicted  in  pre-t.-st  calcula- 
tions. The  lower  pressure  was  the  result  of  the  earlier  burn-through  time,  which  may  h.\ve  been 
precipitated  by  the  early  particle  impingement  anc!  material  loss  in  the  stagnation  region. 
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Figure  Zi.  Pre-test  photograph  of  sharp  shell  removal  model  BK-4. 


Table  11.  Event  summarj'  of  RPL'.-\.X.T.  Test  1S6.  sharp  994,  model  BK-4. 
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Kijiure  ;t  L Pro-test  photograph  of  shm'p  shell  removal  model  UK-1. 
I'able  11.  Kvent  summary  of  RPL/A.N.T.  Test  ISC,  sharp  i)t)4,  model  UK-l 
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The  subtip  was  moved  forward  10.852  seconds  after  the  fire  signal.  From  film  coverage 
subtip  fragmentation  was  seen  to  occur  13.  55  to  13.03  seconds  after  fire  signal,  and  this  was  sub- 
stantiated by  thermocouple  data.  Figure  30  shows  tungsten  fragment  losses  taken  from  the  motion 
film  frames.  Additional  fragmentation  occurred  during  the  shutdown  phase  as  the  subtip  was  being 
rotated  from  the  e.xhaust.  The  acoustic  sensor  signal  disappeared  at  10.30  seconds,  immediately 
after  the  shell  removal,  and  no  data  were  acquired  during  subtip  recession  and  failure.  Post-test 
views  of  the  model  are  shown  in  Figure  37. 


Tgure  30.  Tungsten  subtip  fragmentation  during  Test  ISO 


Figure  37.  Post-test  photographs  of  sharp  model  BK-4. 

2.5.  -1  Tost  189,  Model  BM-1.  Sharp  Subtip 

The  sliarp  tungsten  subtip  was  tested  using  tijc  RPL  50-atmosphere  nozzle  (all  other  tests 
wore  performed  with  the  100-atmosphoro  nozzle).  Calculations  of  the  subtip  response  at  the  50-atmo- 
sphere  condition  predicted  approximately  tl>c  same  probability  of  crack  initiation  as  in  the  clear  air 
fliglit:  hence,  tiie  decision  was  made  to  test  at  the  less  severe  condition.  It  was  to  be  umierstootl  that 
the  probabilitj'  of  crack  burn-tlu-ougli  was  significantly  higher  in  the  groimd  test  tlian  in  the  clear  air 
flight.  The  primary  difference  in  tlie  crack  burn-tln-ougli  probabilities  was  tlic  result  of  tlie  preluxit 
on  the  fliglit  subtip  ensuring  a ductile-brittle  transition  temperature  (DBTT)  location  penetration  into 
the  material,  whereas  tlie  RPL  tliermostructural  tests  produce  a nearly  instantaneous  heat-up  of  a 
cold  tip  and,  hence,  have  a much  reduced  peneti’ation  of  the  DBTT  location.  A complete  discussion 
of  the  analysis  is  given  in  Section  2.(i.2.  A pre-test  photograph  of  Motlel  BM-1  is  shown  in  Figure  3S. 
Table  12  summarizes  the  events  of  Test  189. 

The  model  entered  the  exhaust  at  6.722  seconds  after  the  f.acllity  fire  signal.  The  teflon 
glove  was  removed  at  9.01  seconds.  The  film  data  showed  the  appearance  of  bright  spots  on  the  side 
wall  at  an  luxial  location  of  2 to  2. 5 inches  from  the  stagnation  point  at  9. 63  seconds.  Tlie  spots  were 
ilistributed  circumferentially  over  360  ilegrees  .at  this  general  location.  Fractures  appeared  soon 
afterward  on  the  sidewall.  The  subtip  was  moved  forward  and  in  position  at  10.883  seconds.  Small 
pieces  were  observed  to  leave  the  shoulder  area  at  15. *12  seconds  and  additional  pieces,  further  aft, 
were  removed  at  16.03  seconds.  The  subtip  was  moved  aft  .at  16.413  seconds  and  rotated  out  of  the 
exhaust  at  17.086  seconds.  Post-test  views  of  the  tungsten  subtip  are  shown  in  Figure  39. 


2.G  DISCUSSION  OF  RESULTS 


This  section  discusses  the  results  of  the  verification  test  series  as  a whole. 


Rather 


than  discuss  the  results  of  each  test  separately,  the  results,  as  they  affect  each  A.N.T./ERN  com- 
ponent, are  addressed  as  follows: 


• Primary  Nosetip  Performance 

• Subtip  Performance 

• Heatshield  Performance 

• Instrumentation  Performance 


2.6.1  Primai’y  Tip  Removal  Performance 

One  objective  of  the  design  verification  tests  was  to  evaluate  the  removal  chai’acteristics 
of  the  blunt  and  shai'p  994-2  graphite  shells  in  a thermostructural  enviromnent  approximating  flight 
severity.  Tlie  sharp  and  blunt  nosetip  shells  were  critical  components  in  the  flight  test  nosetips 
designed  to  provide  recession  data  for  the  monolithic  tungsten  subtips  lx?ginning  at  a specified  altitude 
(35  5 kfi)  at  which  weather  may  be  encountered  by  an  operational  vehicle.  For  tlie  fliglit  test  pro- 

gram, the  desired  operational  sequence  leading  to  subtip  exposure  was  as  follows:  1)  ablation  burn- 
tlu'ough  near  the  stagnation  point  at  35  5 kft,  followed  by  2)  internal  pressurization,  and  3)  shell 

fragmentation  and  positive  separation  and  expulsion  from  the  vehicle.  The  primary  nosetip  configu- 
r.ation  is  illustrated  in  Figure  9. 

Initial  pre-test  thermostructural  analyses  were  performed  for  exposure  of  the  flight- 
design  graphite  shells  in  the  ABRES/AFRPL  rocket  motor  facility  with  the  BZN/LOX  propellant 
system.  The  results  of  these  analyses  indicated  a probable  thermostructm'al  failure  before  burn- 
through  due  to  the  suddo.i  axposure  to  the  extremely  high  heating  rates  in  this  facility.  To  increase 
the  thermostructural  margins-of-safety,  lx>th  sharp  and  blunt  nosetip  shells  were  modified  by 
removing  material  on  the  spherical  nosetip  to  reduce  the  wall  thickness  in  the  sonic  region.  The 
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resultant  biconic  sliapes  were  found  to  have  tliermostructural  mai’gins-of-safety  similar  to,  but 
lower  than,  tliose  predicted  for  clcai-  air  flight.  The  purpose  of  tlie  following  discussion  is  to  com- 
pare the  results  of  tlie  tliermostructural  analyses  wltli  tlie  observed  response  of  tliese  shells  and  to 
assess  the  performance  capability  of  tlie  flight  designs. 


2.G.1.1 


Method  of  Analysis 


All  tliermostructural  analyses  were  performed  witli  the  finite  element  SAAS  Hi  code 
(Iteference  1-1).  These  analyses  accounted  for:  1)  temperature-dependent  material  properties; 

2)  time-dependent  shapes,  pressure  loads,  and  internal  temperatures;  and  3)  differences  in  tension ^ 
compression  properties.  The  graphite  material  properties  used  in  tlie  pre-test  tliermosti'uctur.al 
analyses  were  tlie  same  as  tliosc  used  in  the  detailed  design  studies  (Reference  2),  witli  tlie  exception 
of  slightly  higher  free  thermal  strains.  The  properties,  shown  in  Table  13,  were  tlie  best  properties 
data  available  at  the  start  of  the  design  verification  test  program. 


In  modeling  the  reaction  forces  of  tlie  split  internal  structure  against  the  nosetip  surface, 
it  was  assumed  tliat  tlie  epoxy  adhesive  at  the  aft  end  of  the  nosetip  would  pyrolyye  fully  tluring  the 
rocket  motor  pre-heat  phase  to  leave  a free-standing  shell.  Pressures  of  the  form  PgSind  were 
applied  on  the  forward  interior  shell  surface:  where  0 is  tlie  local  slope  of  tlie  shell  boundary  mea- 
sured from  the  horizontal  axis,  and  Pq  is  a constant.  At  each  rocket  motor  c-xposure  time,  Pq  was 
chosen  so  tliat  reaction  forces  of  the  internal  support  structure  b.al.anecd  the  total  nosetip  airload  in 
the  axi:il  direction. 

Nosetip  margins -of-safety  were  based  on  95/95  strain  allowables  for  truncated  99-1-2 
graphite.  These  allowable  across-grain  and  with-grain  strains  ai  e shown  as  functions  of  tempera- 
ture in  Figiu'cs  -10  .and  -11  {Reference  15).  A biaxial  failure  strain  criterion  developed  successfully 
in  the  LORN  program  (Reference  1(>)  was  used  to  calculate  margins-of-safct>’  according  to: 


m ^ 


1\  100 


e = ma.\inium  principal  strain  in  RZ  plane 
max 

A = 95/95  allow.able  strain  in  maximum  principal  strahi  direction 

e..,„  = with-grain  strain 

WO 

B = 95/95  allowable  strain  in  with-grain  direction 

It  should  be  noted  t*'  t the  above  formula  accounted  botli  for  the  maximum  principal  RZ  strain  pre- 
dicted on  a nosetip  shell  ami  for  the  allow-ablc  strain  in  that  direction. 

All  pre-test  analyses  were  made  using  the  mcthodologj'  described  above.  For  the  blunt- 
design  shell,  a minimum  tliermostructural  margln-of-safety  of  i IS  percent  prior  to  burn-through 
was  predicted  when  the  nosetip  is  inserted  into  the  test  stream  0.5  second  before  tlie  end  of  the 
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rocket  motor  pre-heat  igniter  pliase  (Reference  17).  The  pre-test  conclusion  was  tliat  there  was  a 
high  probability  of  obtaining  an  accurate  evaluation  of  tlie  primary  nosrtip  removal  mechanism  in  the 
design  verification  test. 

On  July  17,  1975,  the  blunt-design  shell  was  tested  in  tlie  .-VBRES/.^FRPL  Rocket  Exhaust 
Facility.  Test  pyrometer  and  thermocouple  data  showed  tliat  the  nosetip  shell  fractured  0. 99  second 
after  entering  the  rocket  exhaust  stream.  Post-test  reviews  of  tlie  facility  camera  data  showed  con- 
clusively that  the  shell  failed  thcrmosti'ucturally  near  the  nosetip  shoulder  well  before  ablation  burn- 
tlirough.  Post-test  analyses  were  directed  at  finding  reasons  for  the  thermostructural  failure  of  the 
nosetip  shell.  Tlicse  analyses  included  a review  of  the  structural  analysis  methodologj’,  particularly 
possible  deficiencies  in  the  failure  criterion  which  could  explain  tlie  observ'ed  shell  failure.  To  estab- 
lish an  improved  failure  criterion  for  tliese  nosetip  shells,  the  Priddy  stress-based  theory  for  brittle 
anisotropic  materials  (Reference  18)  was  adapted  to  994-2  graphite  using  tensile  test  data  obtained 
for  the  Material  Requirements  Definition  (MRD)  program  (Reference  19).  This  theory  accounted  for 
multiaxial  loading  including  shear,  stress  interactions,  and  volume  and  statistical  effects.  A detailed 
description  of  the  Priddy  criterion  and  its  application  to  994-2  graphite  nosetips  is  presented  in 
.Aippendix  A.  Comparisons  of  post-test  results  using  both  the  Priddy  criterion  and  the  LORN  criterion 
arc  described  in  the  following  section. 

2. 6.1. 2 Results 

The  blunt-design  nosetip  shell  v.-as  tested  in  the  RPL  facility  on  July  17,  1975.  The 
model  was  rotated  into  the  rocket  exliaust  stream  about  0. 5 second  before  tlie  end  of  the  rocket 
motor  pre-heat  igniter  phase.  Facility  camera,  pyrometer,  and  thermocouple  data  showed  a frac- 
ture of  the  graphite  shell  initiating  near  tlie  shoulder  region  after  approximately  0. 99  second  of 
exposure.  Post-test  reviews  of  the  camera  data  showed  positive  separation  and  expulsion  of  the 
nosetip  and  internal  support  structure  within  0.005  second  after  observed  crack  initiation  with,  no 
visible  damage  to  tlie  remaining  components  of  the  test  model.  From  tlie  test  chamber  pressure 
history  it  was  determined  tliat  the  shell  fracture  occurred  during  ramping  from  the  reduced  "vernier" 
pressure  level  to  the  final  steady-state  pressure.  Figure  42  shows  the  stagnation  point  recession 
predictions  based  on  actual  test  conditions,  including  the  start  transient.  .■\t  the  observed  failure 
time,  the  nosetip  was  exposed  to  appi  oximately  50  atmospheres  stagnation  pressure  and  had  ablated 
approximately  0.025  inch  of  the  original  0.250-inch  stagnation  thickness  (see  Figure  42).  In  other 
words,  tlie  thermostructural  failure  occurred  w'ell  before  planned  ablation  burn-through  and  was 
attributed  to  a build-up  of  internal  multiaxial  sb'esses  in  the  nosetip  following  sudden  exposure  to 
the  exliaust  flow  environment. 

To  investigate  the  tlicr.nostructural  failure,  LC)RN-based  and  Priddy-based  margins-of- 
safety  for  tlie  nosetip  shell  were  calculated.  The  tlicrmal  boundai'y  conditions  were  computed  using 
a revision  to  the  pre-test  analysis  tliat  corrected  an  error  discovered  in  the  reference  state  used  to 
define  tlie  solid-wall  enthalpy.  Tlie  error  was  found  to  cause  an  under-prediction  of  the  surface 
temperature  by  ab^)ut  500  - S00°F.  The  thermal  analysis  also  accounted  for  tlie  effects  of  a nozzle- 
induced  shock  wave  that  impinged  on  the  shell  model,  as  shown  in  Figure  43.  The  results  of  those 
post-test  analyses  are  presented  in  Figure  44  and  are  summarized  below: 

1.  Shock  wav'e  heating  augmcnbition  from  nozzle  wall  discontinuities 
was  not  found  to  affect  the  thermostructurai  response  of  the  nosetip 
shell. 

2.  Margins-of-safety  based  on  the  Priddy  criterion  were  found  to  be 
similar  to,  but  lower  than,  margins-of-safety  based  on  the  Lf^RN 
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Figure  44.  Margins-of-safcty  foi  blunt  shell. 

criterion.  Differences  in  the  calculated  margins-of-safet>’  were 
not  enough  to  e.\plain  the  therniostructural  failure. 

3.  Mucli  lower  margins-of-safety  were  calculated  using  the  post- 
test thermal  analysis  with  the  corrected  enthalpy  reference 
state.  These  lower  margins-of-safetj’  were  a consequence  of 
the  higher  graphite  surface  temperatures  predicted  in  the  revised 
analysis. 

Post-test  analyses  with  the  improved  structural  analysis  methotiologj-  and  reference  enthalpy  correc- 
tion were  found  to  provide  a reasonable  explanation  of  why  the  thermostructural  failure  occurred, 
as  well  as  the  approximate  time  and  mode  of  failure.  The  overall  conclusion  from  the  post-test  .anal- 
yses was  that  the  blunt-design  graphite  shell  was  exposed  to  a thermostructural  environment  of 
greater  severitj,-  than  had  been  indieated  by  the  pre-test  analyses. 

For  design  verification  testing  of  the  sharp-design  shell,  an  extended  rocket  motor  pre- 
heat of  at  least  3 seconds  was  recommended  to  increase  the  surnvabilita'  of  the  shell  prior  to  ablation 
burn-through.  Pre-test  analyses  that  included  the  effects  of  a 3-second  preheat  period  at  the  vernier 
operating  condition  indicated  margins-of-safety  similar  to,  but  slightly  lower  than,  in  flight 
(Figure  45).  .X  maximum  probabilitj-  of  thermostructural  failure  of  less  than  1 )>ercent  for  this  test 
was  predicted  after  0. 5 second  of  exposure.  It  was  concluded  U>at  the  revised  design  verification 
test  would  provide  an  accurate  evaluation  of  the  primary  nosetip  removal  mechanism. 

On  Octolver  21,  1975  the  sliarji-design  biconic  shell  was  tested  in  the  .-XBllES  .-XFKPL 
Rocket  Exhaust  Facilitv-.  The  nosetip  shell  entereti  the  exhaust  stream  approximately  3.51  seconds 
before  the  end  of  the  rocket  motor  preheat  igniter  phase,  in  general  agreement  with  pre  test  recom 
mendations.  Facilitv*  cameras  showed  that  during  this  preheat  period,  rocket  motor  particles  im- 
pacted the  nosetip  shell  causing  some  material  loss  to  the  nosetip.  Bright  spots  in  the  film  could  be 
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Figure  45.  Thermostructural  response  pi  edictioas 
for  sharp  primary  nosetip. 

seen  where  impingement  losses  had  occurred  and  one  area  near  the  stagnation  point  shoacti  an  ia<5en- 
tation  in  profile  on  two  cameras.  Facilitj'  cameras  showed  no  eridenc*'  of  thermostructural  damage 
to  the  nosetip  shell  during  ihe  extended  preheat  period  or  on  faciliU*  ramplm;  to  ibe*  final  <u-aiK--':late 
stagnation  pressure.  Figure  4C  shows  the  stagnation  point  rcce>s5oa  predictions  }>ase<5  on  actual 
test  conditions,  including  the  preheat  transient.  The  nosetip  shell  remainttl  intact  up  to  a stagnation 
pressure  of  approximately  fiS  atmospheres  when  ablation  iwrn-thros^h.  or  ■■punch-out, “ was  iiJiscrve*! 
In  other  worcis,  the  nosetip  shell  survived  thermostructurallv  until  ablation  ixura-thtoygh,  as  requirtti 
for  the  flight  test  models.  Following  ablation  iwrn- through,  exhaust  flow  entering  the  internal  caviiv 
caused  shell  fragmentation  and  expulsion  with  no  visible  damage  to  the  remaining  components  of  the 
test  model.  The  elapseii  lime  l>etween  o}»ser\-ed  ablation  burn-ihroi^h  ami  complete  shell  removal, 
including  the  internal  split  structure  and  bearire;  cap,  was  aparoximatelv  o.  mtr.  seermd.  The  sheii 
thickness  at  ablation  burn-through,  or  panch-oui,  estimates}  from  the  post-test  recession  analvsis. 
was  approximately  0.070  inch  (see  Figure  40i.  U is  }>elieved  that  this  remainii^  thickness  at  shell 
punch-out  may  ■nave  contained  some  material  irregularities  from  particle  impingement  daring  the 
rocket  motor  preheat.  The  siamage  siepth  at  the  time  of  ablation  Iwm-through  is  estimated  to  isc  less 
than  0.050  inch,  based  on  surface  roi^hness  ol»serve«i  from  the  film  *iata.  in  other  wcinis.  the  <«>- 
serves}  particle  impingement  may  have  influences}  the  shell  removal  lime.  Allhos^h  ihv  resulting 
stagnation  pressure  at  l>urn- through  was  !es<  than  the  pre-test  o}>iective.  it  is  l)elievesi  tivax  tl»c  lest 
provided  an  accurate  es'aluatioa  of  the  removal  mec}i3a>sm  leasiing  to  subtip  exposure  in  flight.  It 
was  conclusled  that  the  graphite  shell  can  l>e  removo!  in  a clean,  prcsliciable  fashion  without  miver'se 
effects  on  downstream  components,  therein'  provir«g  the  viatHliU-  of  the  shell  removal  concept. 
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Subtip  Performance 


The  iilant  design  tungsten  subtip  was  first  tested  as  a bare  nosetip  «S,'N  BT-3i  oq  July  3. 
1975.  A second  liViint  subtip  was  tested  as  a component  of  a fuil-i«lo  model  of  the  proposoti  flight 
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Figure  4Ci.  SUignation  point  recession  history  of  sliarp 
primary  biconic  nosetip.  Test  ISO. 


design  in  the  shell  removal  test  cai  July  17,  1975  (S/N  BD-1).  The  slmrp  subtip  design  was  tested 
us  a bare  nosetip  on  November  14,  1975  (S/N  IJM-4).  The  steady-state  recession  rales  of  the  tungsten 
subtips,  as  measured  from  the  high  speed  film  data  for  each  test,  are  given  in  Figures  47  through  50, 
respectively.  In  the  remainder  of  tliis  section,  the  results  of  tliermostructural  analyses  are  compared 
with  the  observed  response  of  these  monolithic  subtips  to  assess  their  performance  capability  for 
flight. 

BINZONIKIICAOX  - MR  - 7,8 
RN  - I.OO/USI  RUN  165 

FILM  CAIA 
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Figure  47.  Blunt  tungsten  subtip  axial 

recession  historv  — Test  l().5. 
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Figure  50.  Sharp  tungsten  su  >tip  axial  recession  history  — Test  189. 

2. 6.2.1  Method  of  Analysis 

All  thennostructural  analyses  of  the  tungsten  subtips  were  made  using  the  S.'IAS  HI  code 
(Reference  14)  with  temperature-dependent  material  properties.  All  analyses  accounted  for  time- 
dependent  shapes,  pressure  loads  and  internal  temperatures.  The  most  important  consideration  in 
predicting  the  response  of  these  subtips  was  the  extremely  brittle  behavior  of  tungsten  below  the 
ductile-brittle  transition  temperature  (DBTT).  At  the  start  of  the  A.  N.T./ERN  progr.om,  the  mate- 
rial data  that  were  required  to  account  for  the  brittle  behavior  below  thf'  DBTT  tmd  for  inelastic 
yielding  above  the  DBTT  were  not  available.  Just  as  important,  no  proven  failure  criterion  liad  yet 
been  developed  for  tungsten  nosetips. 

.^t  the  stai’t  of  the  .‘\.N.T./L'RN  progi'am,  properties  for  tungsten  wore  based  on  limited 
modulus  of  elasticity  data,  axial  direction  strengths,  and  free  thermal  strain  data  that  were  cliarac- 
teristic  of  tungsten  as  a generic  material.  At  that  time,  thcrmostructural  analyses  were  made  witli 
linear-elastic  material  properties.  Sti'csses  from  these  analyses  were  greatly  overpredicted  and, 
as  a result,  generally  exceeded  an  assumed  100  ksi  allowable  stress.  For  this  reason,  only  compari- 
sons of  relative  response  severity  were  me.'iningful,  and  absolute  indications  of  thcrmostructur.J  per- 
formance capability  had  to  be  based  on  ground  test  results. 

Durmg  the  A. N.T./ERN  detailed  design  studies,  an.alysis  methodology  w.as  modified  to 
account  for  inelastic  yielding  in  matcri.al  above  an  assumed  DBTT  of  100°F.  In  .addition,  tlic  Priddy 
stress-based  failui'e  criterion  for  anisotropic  materials  w.as  .adopted  for  tungsten,  using  limited  .axi.al 
direction  strength  data  and  two  measured  transverse  sti’ongtlis  at  500°F.  These  major  improvements 
in  analysis  methodology,  described  in  Rererence  2,  g.ave  brittle  m.argins-of-s.afcty,  baseii  on  50/50 
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allowable  sti'ongths,  that  accounted  for  multlaxlal  stress  Interactions,  Including  slicar.  Since  that 
time,  the  results  of  a largo  tungsten  characterization  program  conducted  at  Southern  Hcsoarch  Insti- 
tute (SoRI)  and  at  the  Illinois  Institute  of  Tocluiology  Research  Institute  (IITUI)  for  the  A.N.T./EHN 
program  became  available  (Roforoncos  20  and  21).  Transverse  sti'cngths  near  room  temperature 
measured  In  this  characterization  program  wore  much  lower  tlian  had  been  estimated  previously. 

All  final  design  properties  obtained  from  the  characterization  program  were  Incorporated  Into  all 
subsequent  tliormostructural  analyses.  The  final  mechanical  properties  used  In  tlic  SAAS  in  analyses 
arc  shown  In  Table  14;  the  matrix  of  nine  strengths  required  by  the  Priddy  failure  criterion  arc  shown 
In  Table  15. 

All  pre-test  analyses  for  tlie  design  verification  tests  of  the  sharp-  and  blunt-dcslgn  sub- 
tips wore  made  using  the  methodology  just  described.  Analyses  based  on  the  A.N.T./ERN  program 
characterization  data  with  the  Priddy  failure  criterion  Indicated  small  but  positive  marglns-of-safcty 
for  exposure  In  the  AFRPL  facility  at  100-atmosphercs  prcssm*e  with  tlie  BZN/LOX  propellant  sys- 
tem at  an  oxldizer-to-fuel  mixture  ratio  of  2.8.  Since  marglns-of-safcty  were  calculated  for  the 
worst-case  finite  elements  using  average  strength  allowables.  It  was  concluded  that  the  probability 
of  thormostructural  survival  was  In  excess  of  50  percent. 

Internal  heat-up  fractures  in  the  first  blunt  subtip  test  and  catastrophic  failure  in  the 
second  blunt  subtip  test  demonstrated  conclusively  that  the  monolithic  designs  had  much  lower  per- 
formance capabilities  than  had  been  Indicated  by  the  pre-test  analyses.  For  this  reason,  the  thermo- 
structural  analysis  methodology  was  modified  to  account  for:  1)  volume  effects  believed  to  have  liad 
an  important  influence  on  the  test  results,  and  2)  the  propagation  of  cr.acUs  caused  by  transverse 
stresses  and  subsequent  ablation  burn-through  to  these  cracks.  These  Improvements  In  analysis 
methodology  were  made  during  the  design  verification  tost  program  In  the  period  of  July  through 
September  1975,  and  are  doserlbed  In  the  following  paragraphs. 

2.G.2.2  Results 


On  July  2,  1975,  a blunt-design  subtip  was  tested  In  tlie  ABRES/RPL  facility  (Test 
Number  165).  Although  no  catastrophic  failure  was  observed  during  3.83  seconds  of  rocket  motor 
exposure  at  103  atmospheres  stagnation  pressure,  post-test  motallographlc  examination  revealed 
Internal  (heat-up)  fractures  induced  by  transverse  (hoop)  stresses.  It  is  believed  tliat  for  a slightly 
longer  exposure  tost,  ablation  burn-thi’ough  to  the  cracks  would  have  caused  major  losses  of  subtip 
material.  A second  blunt  subtip,  tested  on  July  17,  1975  (RPL  Tost  Number  169)  as  a component 
In  the  prlmai’y  shell  removal  tost,  was  exposed  to  90  atmospheres  stagnation  pressure  for  5.39 
seconds  and  failed  catastrophically  from  transverse  direction  (hoop)  stresses.  Post-test  data  reduc- 
tion of  acoustic  sensor  data  obtained  from  Tost  169  Indicated  Internal  cr.ack  initiation  In  the  subtip 
after  1. 15  seconds  of  rocket  motor  exposure.  Film  data  from  facility  cameras  showed  ablation  burn- 
through  to  these  internal  fractures  and  subsequent  loss  of  subtip  material  jiftor  4.84  seconds  of 
exposure. 


Post-test  thormostructural  analyses,  including  the  effects  of  film-observed  shock  impinge- 
ment and  corrections  to  the  thermochemistry  model,  did  not  alter  the  pro-test  prediction.  Marglns- 
of-safcty  in  excess  of  plus  G percent  wore  predicted  for  worst-case  subtip  elements  (Figure  51).  In 
other  words,  the  observed  failures  in  these  subtips  could  not  be  explained  with  tlie  analysis  method- 
ology used  at  the  start  of  the  design  verification  test  program.  It  was  postulated  at  this  time  that 
catastrophic  failures  in  these  subtips  were  the  result  of  volume  effects  In  material  below  tlie  ductile- 
brittle  transition  temperature.  For  brittle  materials,  allowable  strengths  arc  dependent  on  tlie 
stressed  volume.  Since  the  critically  stressed  volumes  in  the  monolithic  subtips  arc  much  greater 
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Table  15.  Low  temperature  average  strengtlis  for  e.\ti-uded  2 percent  thoriatecl  tungsten  (ksi). 
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Figure  51.  Margin-of-safety  predictions 
for  blunt  subtip  in  RPL. 
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than  the  tensile  volumes  of  the  test  specimens  used  to  obtain  the  strength  data  base,  tlie  allowable 
sti'engths  for  these  subtips  should  be  degraded  substantially.  In  order  to  account  for  tlie  dependence 
of  allowable  strengths  on  stressed  volume,  a Weibull  distribution  was  fit  through  all  of  the  low  tem- 
perature uniaxial  strengtli  data  that  had  been  obtained  from  the  recent  characterization  program 
(Figure  52).  Tlie  distribution  was  used  to  correct  the  brittle  allowable  strengtlis  to  finite  element 
volumes.  Using  tlie  Weibull  statistics,  the  probability  of  crack  initiation  in  any  fine  element  volume 
was  calculated  from  the  proximity  of  the  sti-ess  vector  to  the  Priddy  failure  surface.  The  overall 
probability  of  crack  initiation  in  the  subtip  was  then  calculated  from  the  cumulative  product  of  finite 
clement  survival  probabilities  over  all  brittle  elements. 


Figure  52.  Weibull  model  of  brittle  sti'engtli  of 
thoriatod  tungsten. 

The  post-test  analyses  then  were  re-evaluated  using  tliis  methodologj-,  and  the  results 
indicated  very  high  probabilities  of  crack  initiation  in  the  bhmt  subtips  O’iiim'f'  SS).  hi  the  case  of 
Test  Number  165,  these  predictions  arc  in  reasonable  agreement  witl)  a crack  initiation  indication 
from  the  acoustic -sensor  attached  to  the  subtip  shank.  For  the  first  time,  crack  initiation  in  bhmt 
monolithic  subtips  was  correlated  by  the  post-test  ,an.alysis.  Tlie  thcrmostruchn  al  failures  in  the 
blunt  monolithic  subtips  were  atti'ibutcd  to: 

1.  High  mulliaxial  stresses, 

2.  low  ti'ansverse  direction  strengths  and. 

3.  lai'ge  critic.ally  stressed  volumes. 
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Figure  53.  Prcdictcci  failure  probabilities  for 
A.N.T. /EUN  subtips  in  HPL. 

To  further  axplain  tlie  tost  results,  tlio  analysis  inothociologj’  was  extended  to  inelude  a 
prediction  of  wlion  a catasti'ophic  failure  (i.e. , loss  of  solid  material)  in  a subtip  would  occur  following 
assumed  internal  crack  initiation.  This  e.xtonsion  w.as  necessary  because  the  thermostructur.al  .anal- 
ysis mctliodology  only  gives  a prediction  of  internal  crack  initiation  in  the  subtip.  Assuming  that  an 
internal  crack  resulting  from  transverse  stresses  does  not  progress  for.vard  beyond  the  DBTT  loca- 
tion in  the  subtip,  catastrophic  failure  will  not  occur  until  sometime  later  when  the  outer  surface  of 
the  subtip  ablates  to  that  location.  The  delay  between  crack  initiation  and  subsequent  crack  burn- 
through  can  be  estimated  from  stagnation  point  recession  histories  .ajul  DBTT  location  histories  in 
the  tliermal  .analyses. 

To  summarize,  the  following  procedure  was  used  to  obtain  probabilities  of  crack  burn- 
through  in  tlic  si’.btip: 


Inelastic  stresses  in  the  nosetip  tluring  the  test  were  calculated  with 
the  S.A.-\S  ni  code  as  functions  of  time. 

Probabilities  of  crack  initiation  in  each  finite  clement  were  calculated 
witl;  the  Priddj*  stress-based  criterion  with  statistical  and  volume  effects 
included. 

Overall  probability'  of  crack  initiation  Pj-.  was  found  by  cumulative 
product  over  all  brittle  elements. 

.•\n  intern.al  crack  initiating  at  .any  tine , t^,  was  assumed  to  propa- 
g.ate  forward  to  the  -100®!'  isotherm. 

Tlie  subsequent  cr.ack  bum-through  time,  t.^^,  was  foumi  by  observing 
when  the  ablation  profile  reaches 

Pp  versus  tj^j  points  were  plotted  to  obtain  the  prob.abilitj'  of  crack 
burn-through  curve. 
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This  metliod  provides  a comprehensive  procedure  for  describing  the  thermostructural 
behavior  of  tungsten  nosetips.  It  was  first  applied  to  results  of  ground  tests  of  blunt  subtips  in  Tesi 
Numbers  165  and  169  (Figures  5-1  and  55)  and  was  found  to  explain:  1)  the  motle  of  failure,  2)  tlie 
strong  likelihood  of  failure  in  monolithic  designs,  3)  tl>e  sensor-determined  time  of  crack  initiation, 
and  4)  the  subsequent  film-observed  burn-through  time. 
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Figure  5-1.  Ablation/DBTT  location  histories. 
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Figure  55.  Probability'  of  crack  Ixjrn-through. 


Subsequently,  pre-test  thcrmostructural  predictions  with  the  methodology  described  above 
were  made  for  design  verification  tests  of  the  sharp  subtip  in  the  ABRES/RPL  facility.  Probabilities 
of  crack  initiation  for  exposure  at  50  atmospheres  stagnation  pressure  are  shown  as  a function  of  time 
on  centerline  in  Figure  56  and  arc  compared  to  clear  air  flight.  The  calculated  peak  probability  of 
crack  initiation  was  found  to  be  approximately  the  same  in  ground  test  as  for  clear  air  flight  (approxi- 
mately SO  percent).  On  November  14,  1975,  the  sharp  subtip  model  was  tested  in  the  RPL  facility 
for  7.54  seconds  of  exposure  at  53  atmospheres  stagnation  pressure  (Test  Number  189).  Film  data 
from  facility  cameras  showed  bright  spots  on  the  model  sidewall  two  inches  from  the  tip  0. 6 second 
after  teflon  glove  removal.  These  were  believed  to  be  the  result  of  internal  cracks  generated  by 
transverse  (radial)  stresses.  The  estimated  probability  of  crack  initiation  at  this  time  was  approxi- 
mately 75  percent. 
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Figirne  56.  Sharp  tungsten  subtip  thcrmostructural  response. 


2. 6. 2. 3 Conclusions  and  Recommendations 

The  following  conclusions  and  recommendations  were  made: 

1.  Monolithic  subtips  of  thoriated  tungsten  tested  at  RPL  had  internal 
(heat-up)  fractures  induced  bj*  transverse  direction  stresses. 
Thcrmostructural  analyses  indicated  high  protyabilitics  of  crack 
initiation  in  these  tests.  Since  the  thcrmostructural  response  in 
a ground  test  exposure  was  comparable  to  that  for  clear  air  rccntiy, 
it  was  recommended  that  monolithic  subtip  designs  not  be  flight 
tested. 


74 


2.  Internal  fractures  in  the  subtips  were  attributed  to  large  inultiaxial 
stresses,  low  room-temperature  strei^hs  in  the  subtip  material, 
and  large  critically  stressed  volumes. 

3.  The  structural  analysis  methodologj'  which  evolved  during  the 
A.N.T./ERN  program  has  been  successfully  applied  to  design 
verification  ground  test  models;  it  is  believed  that  tliese  methods 
successfully  describe  all  tlve  essential  features  of  the  thermo- 
structural  response  of  tungsten  nosetips. 

2.6.3  Skirt  Hcatshield  Performance 


The  data  summary  given  in  Table  16  shows  tlie  maximum  measured  recession  at  tlie 
nosctip/licatshield  interface  region.  Detailed  post-test  analysis  of  the  hcatshield  recession  perform- 
ance was  not  performed  because  no  anomalous  behavior  of  tlic  skirts  was  observed.  Tlie  nosetip/ 
hcatshield  joint  region  experienced  the  largest  recession  in  each  test  and  therefore  determined  heat- 
shield  thickness  requirements  in  the  design.  Note  that  with  the  100-atmospherc  nozzle,  the  heatshield 
location  of  interest  remained  outside  of  the  test  rhombus  in  both  the  shell  removal  and  the  thermo- 
structural  configurations.  Since  the  model  was  moved  forward  in  the  shell  removal  tests,  tlie  heat- 
shield  saw  a varying  heating  environment  based  on  tlie  position  of  the  interface  location  relative  to 
the  Mach  line  intersection  as  a function  of  time  (see  Section  2.4).  Evidence  from  previous  tests 
(Reference  2),  as  well  as  the  present  results,  su^csted  that  tlie  ini  rfacc  location  experienced  higher 
recession  tlian  was  predicted  from  one-dimcnsional  charring  ablato.  codes.  The  difference  resulted 
not  only  from  tlie  hvo-dimcnsional  conduction  effects  contributed  from  the  hot  subtip,  but  also  from 
scouring  of  the  char  structure  by  a high  shcai'  environment.  Further  analyses  would  be  required  to 
characterize  fully  the  response  in  any  particular  exhaust  environment. 

The  higher  sidewall  recession  on  the  hcatshield  for  Test  Number  ISy,  which  was  run  in 
the  50-atmosphcre  nozzle,  was  attributed  to  the  larger  test  rhombus,  which  cncompassetl  tlie  location 
of  interest.  Hence,  the  heat  flux  was  not  reduced  as  in  the  100-atmospherc  nozzle  tests. 

Since  no  anomalous  behavior  of  the  hcatshield  was  observed,  it  was  concluded  that  the 
skirt  heatshield  configuration  was  adequate  both  structurally  and  thermally  for  tlie  plannevl  clear  air 
flight  test  environment. 

2.6.4  Instrumentation 

The  instrumentation  on  each  test  consisted  of  internal  thermocouples,  optical  pyrometers, 
and  an  acoustic  recession  sensor.  In  addition,  strain-gages  were  mounted  on  the  aft  structure  of 
both  sharp-design  subtips  to  measure  possible  bcrelii^  loads  on  the  nosetip  iluring  primary  nosetip 
removal  (Test  Numbers  1S6  and  1S9>. 

2.6.4. 1 Thermocouple  Instrumentation 

The  performance  of  the  thermocouples  on  c;ich  test  nioticl  is  summarizc«i  in  Table  17. 

On  the  average,  data  wore  obtainetl  from  S4  percent  of  the  thermocouples  that  were  installed.  The 
remaining  thermocouples  either  were  defective  after  final  model  assembly  or  failed  during  tlie  tests 
due  to  either  vibration  or  shock  loatls.  * 


* It  should  be  notetl  that  all  26  thermocouples  on  each  of  two  flight  units  that  were  ileliv- 
erod  survived  acceptance  vibration  testing  (0. 1 g-  Hz)  successfully,  and  all  were  operating  after 
installation  on  the  flight  vehicles. 


Table  17.  Summary  of  tliermocouple  operating  performance. 


TEST  NUy.BER 

TOT.AL 

165 

169 

1S6 

1S9 

No.  of  Thermocouples  Installed 

IS 

26 

2r 

IS 

ss 

T /C's  Operating  at  Start  of  Test 

16 

24 

24 

17 

SI 

No,  ofT/C's  Giving  Useful  Data 

16 

20 

22 

16 

74 

Table  IS  summarizes  the  performance  of  each  individual  thermocouple  in  each  test. 

Either  the  failure  time  of  each  backfacc  thermocouple  is  indicated,  or  the  temperature  at  the  end  of 
the  test  is  given  in  parentheses.  The  purpose  of  this  table  is  to  indicate  the  consistent  response  of 
the  thermocouples  at  each  location.  The  thermocouple  locations  for  the  design  verification  test 
units  were  identical  to  the  locations  in  the  respective  flight  units.  For  example,  the  primary  lip 
removal  thermocouples  failed  at  a.  52  seconds  and  10.34  seconds  on  the  blunt  and  sharp  shell  removal 
tests,  respectively.  The  film  data  indicated  that  shell  removal  actually  occurred  at  S.  53  and  10. 33 
seconds,  respectively.  Confirmation  of  shell  removal,  therefore,  was  in  excellent  agreement  for 
both  designs.  In  addition,  thermocouples  A6  and  B6  showed  positive  responses  at  the  times  of  subtip 
fragmentation  that  occurred  in  Tests  169  and  1S6. 

.Additional  data  obtained  from  the  heati'hield  backface  thermocouples  are  shown  in 
Table  19.  From  the  data  for  Test  1»6,  the  forward  heatshicld  stripback  rate  was  deduced  and  corre- 
lated with  the  film  data.  The  indicated  stripback  rate  was  0.5S  to  0.95  inch/sec.  This  technique  for 
measuring  heatshicld  stripb.iek  would  be  especially  valuable  during  a weather  recntr>'  test. 

2. 6. 4. 2 Optical  l?%^romcter  Instrumentation 

Tlic  overall  performance  of  the  optical  pyrometer  data  was  disappointit^  and  subject  to 
i.arge  -mcertainties  in  the  indicated  temperatures.  The  disappointii^  performance  was  due  primarily 
to  obscuration  of  the  surface  by  clouds  of  unbumed  fuel.  The  chamber  wails  are  cooled  by  the  sprayi:^ 
of  fuel  which  does  not  combust  completely  before  exiting  the  nozzle.  The  fuel-rich  region,  with  its 
attendant  dark,  carbon-rich  cloud  tends  to  obscure  the  model  either  continuously  or  intermittently. 

The  pyrometer  data  were  used  primarily  in  these  tests  as  a potential  indicator  of  sheU  removal, 
since  an  abrupt  change  in  the  rcadit^s  should  signal  the  event.  Correlation  with  the  motion  picture 
timing  and  thermocouple  data  was  used  to  determine  the  actual  rcmo\-al  time.  .AFRPL  is  actively 
pursuing  facilitj'  refinements  to  alleviate  the  pyrometer  obscuration  problem. 

2.6.4. 3 .Acoustic  Recession  Gage  Instrumentation 

The  original  intent  of  the  RPL  acoustic  recession  gage  tests  was  to  demonstrate  the 
A.X.T./ERN  flight  ablation  sensor  on  a fuil-scale  nosetip  under  high  beating  conditions.  Thus,  only 
the  sensor  specified  at  the  Critical  Design  Reiicw  {Itcference  22>.  a 1. 3- mHz  shear  wave  pulse  echo 
gage,  was  to  have  been  tested.  Two  tests  were  planned  with  a sharp  nosetip  aiKl  two  with  a blunt 
nosetip. 


Table  is.  Samraarj"  of  A.  X.  T-  EIIX  thermocouple  data 
in  design  verification  tests. 


tS*  !CtJig<rir>  Vc:^ 


Table  19.  Thermocouple  data  summary.  Test  186  (model  BK-4). 


However,  as  njodel  fabrication  proceeded,  new  evidence  on  the  performance  of  acoustic 
gages  on  tungsten  nosetips  became  available.  First,  HEARTS  flight  test  results  indicated  that  reces- 
sion data  could  not  be  obtained  from  sheai’  wave  gages  bonded  to  tungsten.  Then,  in  a May  1975  test 
series  at  the  AFFDL  50  Megawatt  arc-jet,  it  was  found  that:  1)  a change  from  the  shear  wave  to 
compression  wave  mode  in  pulse/echo  gages  did  not  result  in  any  meaningful  improvement  in  sensor 
performance  on  t . "rsten,  and  2)  a resonance-type  compression  wave  gage  did  sliow  considerable 
promise,  with  good  correlation  obtained  behveen  gage  recession  measurements  and  motion  picture 
data  (see  Section  C.  1).  As  this  new  evidence  became  available,  changes  were  made  in  the  UPL  model 
instrumentation  where  practical.  Where  model  fabrication  had  proceeded  beyond  the  point  that  trans- 
ducer modifications  could  be  made  without  major  rework,  the  instrumentation  was  left  unclianged. 

The  final  ablation  gage  instrumentation  tested  was  as  indicated  in  Table  4 (Section  2.2.  G). 
Two  models  were  instinunented  with  shear  wave  pulso/echo  gages-,  one  with  a compression  wave 
pulse/echo  gage  and  one  with  a resonance  wave  gage.  All  tliree  pulse/echo  gages  had  a nominal  car- 
rier frequency  of  1. 5 mHz. 

Only  the  shear  wave  transducers  were  flight-qualified  production  type  sensors.  The 
other  two  transducers  were,  of  necessity,  prototype  units.  Furthermore,  to  meet  the  schedule 
requirements  of  the  design  verification  test  program,  a "breadboard”  resonance  sensor  was  fabi-i- 
cated.  The  basic  construction  technique  and  materials  were  the  same  as  for  sheai*  wave  gages. 
However,  with  the  tight  model  fabrication  schedules,  no  time  was  available  to  optimize  the  now  sen- 
sor designs  for  their  pai’ticulai*  applications.  The  performance  of  the  prototype  transducers  was 
considered  adequate  to  determine  only  the  basic  feasibility  of  the  gages  for  tungsten  ablation 
measurements. 


By  tlie  time  the  actual  tests  wore  performed,  the  probability  of  obtaining  recession  data 
fi*om  any  of  the  pulse/echo  gages  was  considered  remote.  It  was  for  this  reason  that  the  resonance 
gage  was  substituted  on  the  last  test  unit.  It  may  be  noted  that,  even  without  recession  measure- 
ments, the  ablation  gages  would  still  be  expected  to  function  as  crack  detectors. 

Pulsc/Echo  Gage  Performance 

In  all  thi'ee  of  tlie  pulse/echo  sensor  tests,  the  transducer  was  excited  with  a laboratory- 
type  pulser /receiver  (Panametrics  Model  5052).  The  output  signal  was  monitored  cn  an  oscilloscope 
and  recorded  on  a video  tape  record-^ v.  With  this  approach  (as  opposed  to  using  a flight- typo  signal 
conditioner),  the  complete  bipolar  signal  was  obtained,  permitting  detailed  post- test  analysis  and 
processing.  If  desired,  the  o"'put  tape  can  be  played  througli  a breadboard  flight  processor  unit  at 
a later  date  to  evaluate  the  overall  ablation  gage  system. 

The  background  noise  produced  by  the  RPL  facility  vai  ied  widely  in  the  three  tests  using 
pulse/echc  sensors.  In  Run  No.  ISG  (shear  wave  transducer),  the  noise  level  was  so  high  tliat  the 
receiving  equipment  was  completely  saturated  throughout  tlie  model  on-conterline  period.  Neither 
the  echo  location  nor  the  presence  of  crack  signatures  could  bo  detected,  even  after  post- test  filtering. 
On  tlie  other  hand.  Run  No.  IG'3  (compression  wave  transducer)  was  exceptionally  quiet  with  almost 
no  increase  in  in-band  noise  associated  with  the  model  entering  the  flow.  Rim  No.  1(>5  (slicar  wave 
transducer)  was  typical,  with  an  Increase  in  baseline  noise  by  a factor  of  about  two  when  the  model 
entered  the  flow.  Wide  vai*iations  in  the  RPL  noise  environment  had  been  noted  in  previous  tests 
involving  acoustic  gages.  However,  to  dale,  no  o-xplanation  for  thes^o  variations  has  been  offered, 
nor  has  a correlation  been  found  between  the  apparent  noise  level  (as  detected  by  the  alilation  gage) 
and  facility  performance  data. 


.SO 


Because  of  tlio  high  noise  level,  the  most  that  can  be  said  aljout  the  test  results  of  Kun 
No.  186  is  tlmt  tlie  echo  pulse  was  gone  when  the  model  rotated  out  of  tlte  flowfield  (removing  tl>o 
background  noise  interference).  However,  tlie  relative  performimce  of  tlie  sheai*  wave  and  compres- 
sion pulso/ccho  sensors  could  be  obtained  from  the  results  of  Huns  16.6  and  169.  In  both  of  these 
tests,  tlio  echo  pulse  decayed  to  the  noise  level  in  about  0.5  second.  Comparable  decay  times  were 
obtained  in  previous  flight  imd  ground  tests  of  pulse/echo  gages  on  tungsten  nosetlps. 

Numerous  noise  bursts,  probably  associated  wttli  crack  formation  and  propagation, 
occurred  during  and  immediately  after  Hun  165.  However,  tlie  earliest  noise  burst,  occurring 
approximately  0. 15  second  .after  model  insertion,  was  of  much  shorter  duration  Hum  Hie  typical 
bursts  previously  associated  wiHi  crack  formation  (about  15/iS,  as  compared  to  perhaps  200//S). 

The  short  duration  of  this  burst  suggested  the  possibility  of  anotlicr  source:  o.g. , impact  rf  a par- 
ticle on  Hie  subtip.  The  strongest  noise  burst  was  recorded  at  1. 15  seconds  of  exposure  and  is 
believed  to  indicate  internal  subtip  fracture.  Only  one  noise  emission  occurred  during  Test  169. 
This  was  a strong  burst  (-lOO/zS  duration)  occurring  0. 6 second  after  insertion. 

It  was  concluded  Hiat  none  of  Hie  pulse/echo  sensors  could  measure  tungsten  recession. 
However,  tlie  basic  acoustic  milt  should  still  function  as  a crack  ilctectoi  during  Hie  flight  tests. 

Resonant  Frequency  Gage  Description  and  Performance 

Figure  57  is  a schematic  of  Hie  test  setup  used  for  Hie  resonance  gage  test  (Hun  189). 

The  tnuisduccr  included  two  crystals  bonded  together  in  a vcrticjil  stack.  The  crystal  immovUalely 
adjacent  to  Hie  nosetip  (triuismittcr  crystal)  was  driven  by  a wave  generator,  wliilc  Hie  ouHpui  oi  the 
reiU'-most  crystal  (receiver)  was  monitored.  As  indicated  in  Figure  57.  the  excitation  fretiucncy 
was  v.aried  linearly  wiHi  time  from  10  kHz  to  10  kHz  over  a sweep  time  of  500  ms.  The  sweep  was 
Hieii  repeated  to  form  a sawtooth  input  signal. 


Figure  57.  Test  setup  for  resonance  sensor. 
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For  the  pre-test  subtip  length,  two  resonances  occurred  In  this  frequency  range:  1)  a 
1/2  wave  resonance  at  about  11  kHz  and  2)  a 3/2  wave  resonance  at  about  3S  kHz.  Both  resonant 
frequencies  would  be  expected  to  increase  in  inverse  proportion  to  nosetip  length  during  ablation. 

Of  the  two  resonances,  the  3/2  wave  peak  was  much  stronger  and  more  suitable  for 
tracking.  (The  same  was  true  in  the  eai'lier  resonance  sensor  models  used  in  the  laboratory  and 
the  50  M\V  tests.)  The  half-wave  resonance  was  theoretically  strong,  but  appai’ently  the  resonance 
was  of  such  high  "Q"  as  to  be  obscured  by  the  slew  rate  limitations  of  the  system.  In  an  attempt  to 
make  the  half-wave  resonance  as  visible  as  possible  so  that  it  would  be  feasible  to  trace  both  reso- 
nances for  comparison,  the  signal  processor  amplified  the  signal  with  a gain  which  increased  loga- 
rithmically with  decreasing  frequency. 


The  processor  block  of  Figure  57  includes  a representation  of  the  envelope  of  the  output 
signal.  In  a given  data  frame,  increasing  time  correlates  directly  with  decreasing  excitation  fre- 
quency. T’..«s,  the  baseline  signal  increases  Ic^arltlunlcally  ^vlth  time.  The  strong  pulse  represents 
the  3/2  wave  I'osonance,  while  the  small  pulse  near  the  end  of  the  frame  represents  the  1/2  wave 
resonance.  Both  pulses  would  move  to  the  left  during  ablation. 

The  unprocessed  receiver  output  also  was  monitored  and  recorded  on  a video  recorder. 

By  filtering  out  the  low  frequency  ablation  gage  signal,  the  wide  band  background  i>oise  history  could 
be  determined.  The  resulting  signal  served  the  same  function  as  the  "crack  detector"  on  the  pulse/ 
echo  ablation  g:^c. 

The  performance  of  the  gage  in  the  actual  test  was  disappointing.  The  signal  became 
quite  noisy  at  teflon  glove  removal,  though  the  3/2  wave  resonance  was  still  distinguishable.  At 
0.6  second  after  glove  removal,  the  resonance  pulse  vanished  suddenly  for  a single  frame;  at  1.0 
second  it  vanished  completely. 

The  cri-ick  detector  showed  a ramp  increase  in  noise  beginning  at  glove  removal.  Pehvoen 
0.60  and  0.75  second  after  removal,  the  noise  reached  a maximum  with  two  sharp  peaks,  followed 
by  a sharp  decline.  For  the  remainder  of  the  test,  the  noise  level  was  compai*atively  low.  -An  noted 
previously  (Section  2. 5),  post-test  inspection  showed  the  nosetip  to  be  cracked  clear  througl:  across 
the  axis.  In  the  movies,  the  crack  first  became  visible  on  the  surface  about  1. 1 sec-md  after  glove 
removal. 


Cl 


As  the  crack  axial  location  was  close  to  the  subtip  shimk  and  "off-scalc  ' for  the  ablation 
gage,  it  is  tempting  to  associate  the  signal  loss  with  the  crack  fermation.  According  to  this  hypotliecis, 
the  crack  first  occurred  about  0. 6 second  after  glove  removal  .and  propagated  for  un  addition-al  0. 5 
second.  The  ramp  Increase  in  crack  detector  noise  could  be  attributed  to  a build-up  in  aerodynanlc 
noise  from  the  rocket  motor  flowfield.  The  hvf'  sharp  peaks  \TOuld  be  associated  ulth  crack  formation, 
and  the  sudden  decrease  in  noise  could  bo  attributed  to  isolation  of  the  transducer  from  the  flowfield 
noise  as  the  crack  propagated  across  the  axis. 

However,  three  facts  strongly  suggest  thai  the  loss  in  ablation  gage  signal  actually  was 
due  to  an  internal  transducer  failure: 

1.  If  the  crack  hypotliesis  were  correct,  it  would  be  e-xpected  that  the 
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background  noise  alone*  A similar  decrease  was  simulated  in  the 
laboratory  by  disconnecting  one  of  the  transmitter  crystal  terminal 
wires. 

2 . It  also  would  be  expected  that  some  minor  resonances  would  be 
present  in  the  sensor  frequency  range  even  for  a "short  nosetlp" 
due  to  various  possible  multiple  reflection  sound  beam  paths.  In 
fact,  such  resonances  were  shown  to  be  present  in  the  laboratory 
when  a new  transducer  was  mounted  on  the  remains  of  the  test 
nosetip.  On  the  other  hand,  during  the  test  the  signal  was  almost 
free  of  structure  after  the  loss  of  the  3/2  wave  resonance  peak. 

3.  Finally,  the  temporary  one-frame  signal  loss  at  0. 6 second  after 
glove  removal  is  most  easily  explained  as  a "loose  wire"  effect. 

Thus,  it  was  concluded  that  one  of  the  two  wire  terminal  Junctions  on  the  transmitter 
crystal  failed  due  to  vibration.  Unfortunately,  it  was  impossible  to  verify  this  conjecture,  as  the 
transducer  could  not  be  removed  from  the  nosetip  model  without  destroying  the  internal  wiring. 
Since  RPL  schedule  requirements  precluded  the  use  of  flight-qualified  design  and  construction  pro- 
cedures, no  conclusion  could  be  made  from  this  test  regarding  the  worthiness  of  a resonance  gage 
for  tungsten  recession  measurements. 

2. 6. 4. 4 Strain  Gage  Instrumentation 


Strain  gages  were  mounted  on  the  aft  substructure  of  the  two  sharp  units.  The  purpose 
of  the  gages  was  to  measure  deflection  of  the  nosetip  through  the  substructure  during  the  shell 
removal  sequence.  Figure  11  (Section  2.2.5)  shows  the  location  of  the  four  strain  gages,  mounted 
90  degrees  apart,  on  both  sharp  units.  The  location  of  the  gages  were  identical  for  the  cubtip  and 
shell  removal  models.  Each  gage  was  a 350  ohm,  1/4  bridge,  BLH  foil  strain  gage  number  FAE 
255-35-S6-ET,  with  a gage  factor  of  2.07.  Bridge  completion  circuits  were  provided  by  AFRPL 
and  a 1.7  MS2  calibration  resistor  was  used  for  a maximum  expected  strain  of  0.0001  in/in. 

Figure  58  shows  the  responses  of  the  four  strain  gages  during  the  sharp  shell  removal 
test  (Test  186).  All  gages  show  a response  during  the  test,  starting  shortly  after  model  Insertion 
(6.5  seconds).  Significant  lateral  pulses  are  indicated  at  8.9  seconds  (G4),  9.25  seconds  (G2), 

9.9  seconds  (G3),  and  10.9  seconds  (Gl).  However,  no  significant  pulses  occur  at  the  time  observed 
for  shell  removal  (10.33  seconds).  Similarly,  Figure  59  shows  the  responses  of  the  gages  during 
the  sharp  subtip  test  with  the  teflon  glove  (Test  189).  All  of  these  gages  indicate  an  increasing 
(compressive)  strain  characteristic  of  model  blunting  during  a test.  Gages  G2  and  G3  show  small 
pulses  within  0.05  second  of  the  time  of  teflon  glove  removal,  but  the  pulses  are  no  larger  than  others 
that  occur  during  the  test. 

Based  on  the  results  of  these  two  tests  it  was  concluded  that; 

1.  Aerodynamic  pulses  that  may  occur  during  shell  or  glove  removal 
are  small  relative  to'  other  changing  aerodynamic  loads  or  vibration 
levels  in  a rocket  motor  test. 
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Figure  58.  Strain  gage  response  for  Test  186. 
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Figure  59.  Strain  gage  response  for  Test  1S9. 
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2.  Strain  gr^cs  at  this  iocation  in  the  substructure  cannot  detect 
the  nosetip  response,  if  any,  during  primary  tip  removal  in 
a rocket  motor  test.  * 

2.7  CONCLUSIONS 

The  results  of  the  A.N.T./ERN  Design  Verification  Test  prog^-am  discusscil  in  the  pre- 
ceding sections  lead  to  the  following  conclusions: 

With  respect  to  the  A.N.T./ERN  nosetip  designs: 

1.  A graphite  shell  primar)^  nosetip,  properly  sized  and  designed, 
can  be  removed  in  a clean,  predictable  fashion  without  adverse 
effects  on  downstream  components. 

2.  A monolithic  tungsten  subtip  with  a length  of  four  to  ffve  inches 
is  not  a viable  erosion-resistant  concept  for  the  A.X.T.  design 
flight  environment. 

3.  Acoustic  recession  sensor  technology  for  tungsten  applications 
requires  further  development  or  concept  modiffcations. 

4.  In-flight  shell  removal  and  heatshield  stripback  rates  can  be 
measured  successfully  with  backface  thermocouples. 

5.  No  significant  aerodynamic  load  pulses  daring  shell  removal 
could  be  measured  by  strain  g^es  mounted  on  the  aft  substructure. 

With  respect  to  the  use  of  the  ABRES/AFRPL  facility  for  full-scale  performance  verifi- 
cation testing: 

1.  The  AFRPL  facility*  provided  an  excellent  test  vehicle  for  assessing 
the  thermostructural  and  recession  capabilify  of  graphite,  carbon, 
and  tungsten  nosetip  materials.  Further  operating  refinements  anti 
environment  characterization  should  produce  an  excellent  i-'  setip 
material  testing  capabili^'. 

2.  Present  flow-field  anomalies  such  as  igniter  particles  in  the  pre- 
heat and  shock  formations  durii^  operation  at  low  chamber  pressure 
did  not  appear  to  compromise  ultimate  test  results. 

3.  The  presence  of  quantities  of  unbumed  fuel  in  the  boundarj-  layer 
make  interpretation  of  film  data  difficult  and  render  surface 
p>-romctcr  measurements  nearly  useless. 

2.S  RECOMMENDATIONS 

The  conclusions  of  the  Design  Verification  Test  scries  resulted  in  the  following 
recommendations : 

1.  Because  of  the  high  probabilify  of  crack  initiwtion  predicted  for 
monolithic  tungsten  subtips,  the  pres'-nt  A.N.T./ERN  subtip 
designs  should  not  be  flight-testeii  at  this  time. 


• Subsequent  to  this  experiment,  a more  sophisticattnl  aerodv-namic  load  measurement 
experiment  usii^  strain  gages  was  designed  for  flight  test  on  A.N.T.  11.  Full-scale  flight  units  have 
been  built  ami  calibrated  to  measure  axial  forces  and  bending  moments  in  the  substructure  (Reference  23), 
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3-  0 SEGMENTED  TUNGSTEN  SOBTEP  DEVELOPMENT 

The  segmented  nosetip  concept  was  conceived  as  an  :q;>proach  to  reduce  the  high  prol»- 
bilities  of  thermostructurai  failure  associated  with  the  monolitiiic  tungsten  designs.  With  this  tech- 
nique, the  subtip  is  manufactured  in  the  same  external  shape  as  the  monolithic  designs,  but  is 
comprised  of  a number  of  small  components.  This  results  in  lower  tiiermal  stresses  in  the  s^ments 
because  of  the  smaller  temperature  gradients  in  the  smaller  components  and  because  of  the  ability 
the  segments  to  deform  elastically  under  the  influence  of  the  temperature  gradient.  The  probability 
of  foilure  also  is  reduced  fay  the  smaller  unit  volumes  of  hi^y  stressed  material.  Because  a frac- 
ture in  (me  s^ment  cannot  pre^tagate  across  the  s^ment  boundaries,  any  fracture  that  does  (xxiur 
will  not  result  in  a catastrophic  failure  of  flie  assembly,  thereby  providing  a form  of  artificial  frac- 
ture toughness. 

Several  anal3rtical  and  c^qierimental  programs  were  performed  to  develop  and  validate 
the  segmented  subtip  concept.  An  early  test  program  was  run  at  the  Air  Force  Flight  Dynamics 
Lalmratory  (AFFDL)  50  m^awatt  arc-jet  facility  in  November  1974  (Reference  24)  to  evaluate  the 
basic  feasibility  of  the  s^mented  concept  and  to  compare  several  preliminary  designs.  .A  particular 
objective  o(  the  tests  was  to  determine  if  the  segmented  m(x)els  would  experience  increased  heaKng 
and  surface  recession  at  the  segment  boundaries.  The  results  indicated  that  the  s^menfed  models 
had  about  flie  same  total  recessiem  as  solid  tungsten  models,  but  that  some  configurations  had  a 
greater  tendency  to  form  scallop  patterns  in  r^ems  segmmit  boundaries. 

After  concept  feasibility  was  demonstrated  in  the  initial  ground  test  program,  anatyscs 
were  performed  to  select  optimum  segment  configurations  and  to  improve  design  and  construction 
details.  An  additional  test  scries  was  flimi  run  in  the  50  megawatt  facility  to  evaluate  the  improved 
(iesigns.  This  section  describes  the  st^ment  design  analyses  and  the  second  50  mc^watt  ablation 
test  program  (Reference  25).  Later  sections  present  the  results  of  flight  test  evaluations  of  seg- 
mented nosetty  designs. 

3. 1 SEGMENT  DESIGN  .ANALYSES 

Anatyses  were  performed  to  predict  the  thern  , stress  response  of  subtip  compiXKmts 
in  a flight  environment.  The  calculations  were  performed  with  Uie  SAAS  m finite  element  computer 
code  (Reference  14)  osh^  material  properties  for  cxtruiied  Ullets  of  two-percent  thoriated  tux^ien 
(Section  2.6.2).  The  analyses  accounted  for  temperature-dependent  material  properties  with  nonlinear 
stress-strain  curves.  Time-dependent  external  shaqies,  pressure  loads,  and  internal  temperatures 
were  predicted  with  the  NOSEC  computer  code  (Reference  7)  and  were  included  in  the  anatyses. 

The  probability  of  crack  initiation  was  estimated  from  the  Prichty  stress-based  failure 
criterion  for  brittle  anisotropic  materials  (Appendix  A)  usii^  the  predicted  stress  distributions. 

This  criterion  accounts  for  arbitrary  stress  states  and  multiaxial  stress  interactions  ush^  nine  mea- 
surable strei^th  parameters  to  describe  flte  faflure  characteristics  of  a transversely  isoCroinc  mate- 
rial. The  nine  strei^ths  re<iuired  by  flie  Priddy  criterion  were  based  on  characterization  results  for 
extruded  two-percent  thoriated  tui^stcn  (Section  2. 6.2).  The  probability  of  crack  initiation  at  any 
point  in  flic  siibtty  was  calculated  from  the  proximity  of  the  stress  vector  to  failure  surfaces  (iefined 
for  .arious  probabilities  of  failure  by  applicaUoo  of  the  Priddy  criterion  to  uniaxial  data  reduced  by 
WefimU  statistics.  Volume  effect  corrections  also  were  applied  to  the  failure  probabflity  of  each 
volume  of  material  represented  by  a finite  element  in  the  computer  code. 
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The  overall  probabiUly  of  crack  initiatiai  in  any  component  ot  the  subtip  was  calculated 
from  the  cumulative  product  of  finite-element  probabilities  over  all  brittle  elements  (below  400^ 
expressed 

Pp  = I - n (1  - (2) 

where  Pf  is  die  probability  of  crack  initiation  in  any  sii^e  brittle  element,  and  Pp  is  the  overall 
probabilify  of  crack  initiation  for  the  entire  component. 

The  thermostructural  responses  of  the  segment  and  stud  components  of  tiie  s^mented 
subt^  were  calculated  for  the  design  shown  in  Figure  60  and  expressed  in  terms  of  component  proba- 
bility of  failure.  These  results  were  compared  to  results  for  a monolithic  d«»sign  of  the  same  exter- 
nal shape.  S^raent  thicknesses  and  cone  aisles  were  varied  to  establish  guidelines  for  optimizii^ 
the  design.  Thick  s^ments  with  shallow  cone  angles  are  less  costly  to  manufacture,  but  gmierate 
hitler  thermal  stresses  because  they  are  less  compliant.  That  is,  thermal  gradient:*  are  accommo- 
dated more  readily  fay  deformation  in  thin  segments  with  large  cone  angles.  The  c-*mpated  faOnre 
probability  is  plotted  in  Figure  Cl  as  a function  of  si^ment  aspect  ratio  (defined  as  the  ratio  of  thick- 
ness, t,  to  outside  radius,  R)  for  forward,  middle,  and  aft  segmoits  with  3S-d^ree  cone  aisles. 

.411  cases  analyzed  fall  close  to  a common  curve,  illnstratii^  the  dominating  effect  of  aspect  ratio. 
Low  failure  probabilities  can  be  achieved  by  designii^  ?U  segments  with  aspect  ratios  of  0. 10  or 
below.  This  permits  thicker  segmants  to  be  utilized  near  the  aft  end  of  the  segment  stack  for 
economy. 


Figure  60.  Segmented  tungsten  subt^  design  concept. 


ASPECT  RATIO.  L'R 


FigRTC  Cl.  Effect  of  aspect  ratio  oo  thcrmostmctoral 
response  of  soMip  s<^7ncnts. 

Figare  62  shows  the  effect  of  cone  as^^le  on  the  ifacrinostmctaral  response  of  the  middle 
segment  wifit  a tfaiclmcss  of  0.2s0  inch.  It  can  be  seen  that  segment  cone  angles  of  abon*  33  degrees 
arc  required  to  aducre  bi§^  sorcical  probcdiiUties  br  segment  deformation  oadcr  thermal  gradients, 
but  Siat  larger  cone  angles  have  ohhr  marginal  adcfitional  benefit.  .Accormng  to  these  ffgares.  high 
segment  survival  probabilities  arc  possible  with  rcasosabic  design  comi^natitms  of  segment  thic!me>s 
and  ccoc  ai^lc. 


OUTSIDE  DLVMETEH 
EX^U.ALS  3.S  INCHES 


Figure  62.  Effect  segment  cocx^-aIgh^  on 
thermostructnral  response. 


Calculated  failure  probability  histories  for  the  segmented  subtip  components,  including 
the  stud,  and  for  a monolithic  subtip  are  shown  in  Figure  63.  Although  the  stud  generates  maximum 
stresses  of  the  same  order  as  the  monolithic  subtip,  the  critically  stressed  volume  is  much  lower 
and,  with  the  lower  transverse  stress,  results  in  a much  lower  probability  of  failure.  The  subtip 
segments  are  0.250-inch  thick  and  have  35-degree  half-cone  angles.  The  improvement  in  survival 
probability  offered  by  the  segmented  construction  approach  is  apparent. 
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Figure  63.  Tungsten  subtip  thermostructural  response  summary. 


The  failure  probabilities  shown  in  Figures  61,  62,  and  63  were  calculated  using  the  failure 
characteristics  of  three-inch  diameter  extruded  two-percent  thoriated  tungsten  (Section  2.6.2)  to 
provide  a direct  evaluation  of  the  effect  of  the  segmented  design  relative  to  the  n onolithic  des^. 
However,  significant  material  improvements  are  available  for  the  segmented  design  which  make  this 
comparison  very  conservative.  It  is  probable  that  large  additional  improvements  can  be  accomplished 
by  optimizing  the  methods  for  fabricating  the  segments.  For  example,  the  segments  could  be  coined 
from  cross-rolled  tungsten  plate  or  forged  and  coined  from  pressed  and  sintered  billets.  Since  these 
forms  of  tungsten  generally  are  more  flaw-free  and  have  much  more  cold  work  than  the  large  diameter 
extruded  billets,  the  resultant  segments  should  have  significantly  higher  failure  strengths  and  lower 
ductile-brittle  transition  temperatures  (DBTT)  than  segments  made  from  extrusions.  Consequently, 
it  is  reasonable  to  expect  much  lower  failure  probabilities  than  those  indicated  in  Figures  61,  62,  and 
63.  In  addition,  the  stud  can  be  fabricated  from  a smaller  diameter  extrusion  or  swaging  and,  con- 
sequently, can  be  upset-forged  to  improve  the  transverse  properties  by  producing  a more  equiaxial 
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grain  structure.  Since  the  monolithic  subtips  tested  previously  (Section  2. 0)  were  critical  with 
respect  to  transverse  direction  properties,  it  is  also  reasonable  to  expect  that  upset-forging  of  the 
small  diameter  billets  will  improve  the  thermostructural  performance  of  the  stud. 

Artificial  fracture  toughness  provided  by  segment  boundaries,  although  not  assessed 
quantitatively,  is  believed  to  be  another  major  advantage  of  the  segmented  tungsten  design  concept. 
Cracks  initiating  in  any  component  can  propagate  only  to  the  nearest  boundary.  Because  of  the  design 
geometry,  several  adjacent  segments  must  fail  to  permit  loss  of  material.  Cracks  in  the  stud  re- 
sulting from  transverse  stresses  can  propagate  only  to  the  segment-stack  boundary  and  the  segments 
should  restrict  the  crack  from  opening. 


3.2 


ABLATION  TEST  PROGRAM 


After  the  initial  ground  test  program  (Reference  24),  several  important  improvements 
were  made  in  segmented  nosetip  designs.  The  new  features,  which  yrere  evaluated  in  the  present 
test  scries,  included: 

1.  Selection  of  forward-facing  cones  as  the  optimum  segment  con- 
figuration, based  on  evaluations  of  the  test  results  and  additional 
analyses  (Section  3. 1). 

2.  Addition  of  a tapered  center  stud  to  provide  positive  retention  of 
the  segments. 

3.  Use  of  forged  segments  to  improve  mechanical  properties  and  to 
reduce  material  consumption. 

4.  Use  of  thermocouples  between  segments  to  provide  an  indication 
of  the  axial  recession  history. 

The  segmented  tungsten  subtip  models  tested  in  this  series  were  designed  primarily  to 
investigate  the  ablation  behavior  relative  to  monolithic  designs.  No  attempt  was  made  to  produce  a 
specimen  configuration  that  would  provide  a meaningful  thermostructural  test  of  the  concept.  In 
principal,  this  objective  would  be  very  difficult  to  achieve  because  of  the  size  constraints  and  the 
heating  distribution  in  tlie  arc- jet  environment. 

Another  erosion-resistant  nosetip  (ERN)  design  concept  was  also  studied  in  the  previous 
test  program.  The  essential  components  in  this  dcs^  were  a copper-infiltrated  tungsten  core  and 
a surrounding  solid  tungsten  sleeve.  The  purpose  of  the  solid  sleeve  was  to  prevent  loss  of  the 
melted  copper  infiltrant  to  the  low-pressure  sidewall  region,  which  would  reduce  the  transpiration 
cooling  effectiveness  in  the  stagnation  region.  This  concept  was  tested  in  a cone-cylinder  configu- 
ration and  experienced  lower  recession  rates  than  solid  models  of  either  pure  tungsten  or  copper- 
infiltrated  tungsten  (Reference  26).  This  sleeve  construction  has  since  b^n  adapted  to  the  more 
conventional  sphere-cone  nosetip  cemfiguration.  In  addition,  a design  is  being  considered  in  which 
copper-infiltrated  tungsten  segments  are  used  in  conjunction  with  an  infiltrated  tungsten  core.  Models 
based  on  both  of  those  infiltrated  tungsten  concepts  were  included  in  the  current  tests. 

The  test  series  also  afforded  an  opportunity  for  ablation  gage  experiments.  A shear  wave 
pulse/echo  ultrasonic  gage  had  been  selected  previously  for  development  as  a tungsten  ablation  sensor 
(Reference  2).  However,  in  the  most  recent  flight  and  ground  tests  of  the  shear  wave  gage,  unaccept- 
able degradation  of  the  echo  stynal  strength  occurred.  Thus,  two  alternate  ultrasonic  ablation  sensor 
concepts  were  tested  in  the  current  series: 


All  three  types  of  segmented  tungsten  models  were  of  the  same  basic  design,  as  indicated 
in  Figure  64.  Three  different  segment  thicknesses  were  used  to  assess  the  effect  of  this  parameter 
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on  thermal  and  structural  performance.  The  segmented  models  all  utilized  a tapered  center  stud  to 
provide  positive  retention  of  tlie  segments  during  ablation.  Tim  studs  were  all  machined  from  three- 
inch  diameter  billets  of  extruded  tungsten  two-percent  thoria  fabricated  by  G.  E. , Cleveland.  The 
large  aft  segment  on  all  models  was  machined  from  the  same  commercially  pure  tungsten  used  for 
the  solid  tare  models. 

The  0. 120-lnch  thick  segments  were  constructed  by  first  cutting  0.25-inch  thick  discs 
from  the  2 5/8-inch  diameter  commercially  pure  tungsten  billets.  These  discs  were  then  upset- 
forged  to  0.125-inch  thickness,  and  then  forged  (coined)  to  the  final  conical  shape,  and  finish- 
machined  to  the  0. 12U-inch  thickness. 

The  0. 045-inch  thick  segments  were  constructed  from  0. 060-inch  thick  sheets  of  com- 
mercially pure  tungsten  supplied  by  Schwarzkopf  Development  Corporation.  These  segments  were 
coined  to  the  conical  shape  and  then  finish-machined  to  the  final  0. 045-inch  thickness. 

The  0. 010-inch  thick  segments  were  coined  from  0. 010-lnch  thick  sheets  of  commercially 
pure  tungsten  supplied  by  AMAX,  Inc.  These  segments  were  brazed  together  and  then  machined  as 
a unit  to  the  final  conical  shape.  The  small  thickness  made  all  handling  and  machining  operations 
for  these  thin  segments  very  difficult. 

Two  types  of  models  utilizing  infiltrated  tungsten  were  tested.  Both  types  used  infiltrated 
timgsten  supplied  by  Teledyne  Wah  Chang  of  Albany,  Oregon.  This  material  was  constructed  by  infil- 
trating approximately  10  percent  (by  weight)  of  copper  into  sintered  billets  of  commercially  pure 
tungsten.  The  "Infiltrated  core"  models  utilized  a center  stud  of  this  infiltrated  tungsten,  and  a sur- 
rounding sleeve  made  from  tlie  2 5/8-inch  diameter  billets  of  G.E.  commercially  pure  bingston. 

The  "infiltrated  segments"  models  had  a center  stud  of  infiltrated  tungsten  surrounded  bj  0. 120-inch 
thick  segments.  Alternate  segments  were  made  of  commercially  pure  G.E.  tungsten  and  ^he  copper- 
infiltrated  tungsten. 

3.2. 1.2  Model  Instrumentation 


One  of  each  type  of  segmented  model  was  instrumented  with  in- depth  thermocouples.  Tlie 
0. 120-inch  thick  segmented  tungsten  and  the  infiltrated  core  models  each  had  sLx  thermocouples 
located  along  the  stud  as  indicated  in  Figure  64.  Each  of  the  other  segmented  models  had  four  thermo- 
couples located  at  the  two  forward  stations.  The  axact  tliermocouple  stations  are  given  in  Table  20. 
Tungsten  versus  tungsten/20-perccnt  rlienium  thermocouples  were  used  in  the  two  most  forward 
(hotter)  locations,  while  the  remaining  thermocouples  were  platinum  versus  platinum/l3 -percent 
rhodium.  The  types  and  output  ranges  of  the  thermocouples  on  each  model  are  summarized  in 
Table  21. 


Tliree  models  (one  solid  tungsten,  one  segmented  tungsten,  and  one  infiltrated  segments) 
were  instrumented  with  K West  ultrasonic  ablation  sensor  ti’ansducers  bonded  to  the  back  surface  as 
illusti’atcd  in  Figure  64.  A Chromel/Alumcl  thermocouple  also  was  bonded  to  the  back  surface,  adja- 
cent to  the  transducer,  to  measure  the  approximate  temperature  history.  Tlie  sensor  on  the  solid 
tungsten  model  used  a pulse/echo  (compression  wave)  transducer  with  a frequency  of  1. 15  mHz. 

WiOi  this  type  of  sensor,  tlie  instantaneous  moflel  length  is  proportional  to  tlie  round-trip  time  of  the 
acoustic  signal  (Reference  2).  The  other  two  sensors  utilized  a newly  developed  resonant  frequency 
technique  in  which  the  model  lengtli  is  inversely  proportional  to  the  frequency  at  which  resonance  is 
observed  to  occur. 
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Tabic  20.  Thermocouple  locations  in  segmented  models. 


MODEL* 

AXIAL  DISTANCE  l UOM  STAGNATION  POINT  (INCH) 

•tc  1 

TC  2 

TC  3 

TC  1 

•ic  5 

TC  0 

1-2 

0.570 

0.882 

1.320 

0.525 

0.917 

1.318 

1-3 

0.020 

0.985 

t.tao 

0.  coo 

0.970 

1.110 

1-1 

0.537 

0.313 

0.552 

0.912 

2-3 

0.5  Id 

0.902 

0.511 

0.91S 

3-3 

0.5j5 

o.sin* 

0. 568 

0.1)55 

* Soo  Talilo  22  for  model  nuiiibor  idcnUftcatlona. 


Table  21.  Thermocouple  instrumentation  summary. 


HACK 

NO. 

siTurr 

NO. 

MODEL 

TlIKKMOCOUPl.ES 

NO. 

TYPE* 

RANGE  (MV) 

1 

1 

SolUl  Tungsten 

1 

K 

0-50 

2 

Segmented:  0. 120-lnch 

•> 

G 

0-50 

segments 

•1 

R 

0-25 

3 

InflUrntctl  Core 

G 

0-50 

1 

U 

0-25 

1 

Infiltratetl  Segments 

2 

G 

0 - ;.o 

2 

U 

0-25 

5 

Calorimeter 

5 

K 

0-50 

♦» 

1 

Segmented:  0. 120-tneh 

1 

K 

0-50 

segments 

3 

Thin  Sheet:  O.OlO-lneh 

2 

G 

0 - 50 

segments 

*» 

It 

0 - 25 

5 

Calorimeter 

5 

K 

0 - 50 

3 

1 

Infiltrnteil  Si'gmcnts 

1 

K 

0-50 

5 

Thin  Sheet:  0. 0 t5-ineh 

v» 

G 

0 - 50 

segments 

A 

R 

0 - 25 

•Tliormocouplp  TJl'os: 

K Chromcl  vorau;:  Alumrl 

0 Tungsten  versus  Tungsten  20  j<orcent  llhenlum 

K I'lntinum  versus  riattnum  13  percent  llhodlum 


3. 2. 1.3 


Rotating  Stine 


One  of  each  type  of  ablation  model  w’as  modified  for  Installation  on  a rotating  sting  assem- 
bly (Reference  28).  In  these  tests,  the  models  were  rotated  continuously  throughout  the  test  In  an 
attempt  to  eliminate  the  effects  of  possible  flowfleld  asymmetries  on  ablation  and  thermostructural 
performance.  The  rotating  sting  system  Is  Illustrated  In  Figure  65.  The  rotating  hub,  which  serves 
as  the  specimen  holder.  Is  driven  by  a 1/3  horsepower  compressed  air  motor.  At  design  conditions, 
the  motor  consumes  15  cfm  of  air  at  a source  pressure  of  90  psl.  The  stall  torque  Is  156  Inch-pounds. 
The  cold,  expended  air  Is  routed  around  the  motor  case  through  passages  In  the  front  of  the  motor 
housing  and  exhausted  out  of  the  annular  gap  between  the  hub  and  the  fixed  sting  assemblies.  This 
delivers  maximum  cooling  to  the  critical  thrust  bearing  area  and,  at  the  same  time,  purges  the  sting 
interior  of  hot  gases. 


1-1/8-16  NS-2A  THD 


STEEI.  HOUSING 


ADI  MOTOn 


Figure  65.  Rotating  sting  assembly. 


The  sting/ablation  model  assembly  was  8.75  Inches  long  from  the  specimen  tip  to  the 
interface  with  the  facility  strut.  It  was  designed  to  mate  directly  to  the  strut.  The  1/4-lnch  copper 
tube  airline  passes  through  the  instrumentation  lead  passage. 


3.2.2 


Test  Description 


3. 2. 2. 1 Facility  Description 


The  tests  were  performed  in  the  Reentry  Nosetip  (RENT)  leg  of  the  Air  Force  Flight 
Dynamics  Laboratory  (AFFDL)  50  megawatt  arc-jet  facility.  The  general  layout  of  the  facility  is 
illustrated  in  Figures  66  and  67.  A complete  description  of  the  facility  Is  given  In  Reference  29. 


The  models  were  mounted  on  a linear  motion  model  carrit^c  for  sequential  Insertion 
into  the  test  stream.  The  carriage  has  five  struts  laterally  spaced  one  foot  apart,  as  illustrated 
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Figure  66.  AFFDL  50  MW  arc-jet  RENT  teft  leg  schematic. 
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Figure  67.  AFFDL  50  MW  arc-jet  RENT  test  section  and  model  support. 


in  Figure  07.  Each  strut  has  a servo-controllcd  axUii  drive  system,  coupled  to  an  hifrarcd  sensor, 
that  can  be  used  to  control  the  models  at  a specified  constant  location.  For  tlio  present  tests,  the 
models  were  malntahmil  at  a constmit  distance  of  approximately  0. 1 incli  from  ti\e  nozale  e-xit  pltme. 

3.2.2.2  Test  Conditions 

All  of  tl>c  runs  were  made  witl»  tlie  1.3S-incl»  exit  tliameter  flared  nozzle  (lOiSBF)  with 
a reservoir  pressure  of  1500  pslg.  The  nominal  dwell  time  (model  on  flow  luxis)  was  two  seconds. 
The  nozzle  contour  is  shown  in  Figure  OS.  Since  tlie  flow  leaving  the  nozzle  is  expanding.  tl\e  pres- 
sure continues  to  decline  along  the  test  section  centerline.  At  the  test  location  of  0. 1 inch  from  the 
nozzle  exit  plane,  the  model  stagnation  pressure  is  approximately  75  atmospheres.  In  the  mode  of 
operation  used  in  these  tests,  there  is  a strong  radial  variation  of  enthalpy,  with  the  peak  value 
occurring  at  tl»c  centerline.  Since  tlie  flow  at  the  edge  of  the  model  bouniiary  layer  comes  from  the 
hot  ccnti’al  core,  this  produces  im  effective  stagJiation  enthalpy  of  about  15000  Utu/lb. 


7.001! 

ARC 


Figure  OS.  AFFDL  50  MW  arc-jet  1.00/1.3S  solid  nozzle. 

3.2.2. 3 Ikita  Sources 

Several  ablation  models  were  equippetl  with  recession  sensors  and  in-deptli  thermocouples, 
:is  described  in  Section  3.2. 1.2.  However,  the  princip;il  source  of  ablation  tiata  was  high-speed 
motion  picture  films.  All  runs  were  photographed  t)y  three  cameras:  two  Photosonie  eameras 
sighted  from  eitlicr  side  of  the  moticls,  and  ojie  overhead  Uycain  camera.  The  Photosonie  cameras 
used  black -and-wliitc  film  and  were  operated  at  approximately  1000  frames/ secoml.  Tl»e  Hyeam 
used  color  film  and  was  operated  at  a nominal  si>ccd  of  -100  framcs/sccond.  Three  pyrometers  were 
focused  as  near  as  possible  to  the  model  stagnation  point. 


.2.2.4 


Test  MatrLx 


TJic  complete  to.*-'t  matrix  is  summarized  in  Table  22.  .>\  total  of  20  mo<lels  were  tested, 
consisting  of  two  solid  tungsten  taro  models,  1(5  segmented  moticls,  and  two  ealorimeter  mixiels. 
Tiie  calorimeter  model  contained  five  null-point  sensors  (with  Chi  omel/.Alumel  tiiermocouples)  at 
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the  locations  indicated  in  Figure  G9.  Tliis  model  was  included  on  two  of  the  racks  to  obtain  both  an 
indication  of  the  consistency  of  the  test  conditions  during  this  series  and  a comparison  with  previous 
tungsten  ablation  tests. 

Table  22.  Test  matrix  — segmented  tungsten  ablation  test  program. 


Heater 

Hun  Xo. 

strut 

Ko. 

Model  T>'pe 

Model 

Kumticr 

Number  of 
Thermocouples 

Ablation 

flaee 

notating 

Sting 

Actual  DmcH 
Time 

(seel 

1 

Inftltratcd  Segments 

3-1 

1 

Itesonant 

No 

l.SO 

•» 

Thin  Sheet:  0.010  Segments 

4-2 

0 

No 

Yes 

1.S7 

Il(i2-00G 

3 

Segtnented:  0. 120  Segments 

2-1 

1 

Itesonant 

No 

1.55 

A 

Segmented:  0«120  Segments 

3-2 

No 

Yes 

1.74 

s 

Calorimeter 

Cal 

5 

No 

No 

S^'Vpt 

1 

Solid  TUnnst'n 

1-1 

1 

I'ulsc/Echo 

No 

1.S2 

2 

Solid  Ttmgsten 

2-2 

0 

No 

Yes 

l.SS 

HG2-007 

3 

Thin  Sheet:  0*045  Segments 

4-3 

0 

No 

No 

l.SC 

•t 

Thin  Siicct:  0*045  Segments 

3-4 

0 

No 

Yes 

i.ys 

5 

Calorimeter 

Cal 

5 

No 

No 

Snept 

1 

tnliltrated  Core 

3-5 

0 

No 

No 

1.91 

«> 

Infiltrated  Core 

2-4 

0 

No 

Yes 

1.9C 

na2-oos 

3 

Segmented:  0.120  Segments 

4-1 

0 

No 

No 

1.90 

•1 

Infiltrated  Segments 

4-4 

0 

No 

Yes 

1.56 

5 

Scgmente<l:  0. 120  Segments 

1-2 

6 

No 

No 

l.Sl 

1 

Thin  9>eet:  0.010  Segments 

4-5 

0 

No 

No 

1.S7 

2 

';.in  ^ect:  0.010  Segments 

3-3 

4 

No 

No 

1.90 

nG2-009 

3 

Tidn  Sicet:  0.045  Segments 

2-3 

4 

No 

No 

1.90 

1 

infiltrated  Segments 

1-4 

4 

No 

No 

1.97 
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Infiltrated  Core 

1-3 
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No 

No 

1.91 

O.SSOR 
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Figure  69.  Calorimeter  model. 
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3.2.3 


Test  Results 


In  this  section,  the  physical  data  and  evidence  obtained  during  the  program  are  presented. 
Post-test  analyses  and  data  interpretation  arc  discussed  in  Section  3.2.4. 

3.2. 3.1  Ablation  Performance 

After  completion  of  the  tests,  the  models  were  inspected  and  photographed.  Overall 
reccssicm  depths  were  obtained  by  comparisons  of  pre-test  and  post-test  measurements.  Recession 
histories  were  obtained  from  the  motion  picture  films;  the  films  were  also  reviewed  for  loss  of  solid 
material  and  other  significant  events. 

Post-test  photographs  of  the  models,  grouped  according  to  type,  are  shown  in  Figures  70 
through  75.  The  general  appearance  of  the  models  can  be  summarized  as  follows: 

1.  All  of  the  spinning  models  ablated  symmetrically.  The  appearance 
of  the  ablating  face  of  these  rotating  models  also  was  superior, 
with  a more  uniform  texture  than  the  comparable  non-spinning  ver- 
sions (c.g..  Figures  70  and  72). 

2.  The  segments  of  the  non-spinning  0.010-inch  thin-sheet  models 
were  separated  and  badly  warped,  especially  in  Model  4-5 
(Figure  71). 

3.  The  ablating  faces  of  file  infiltrated  segment  models  were  nearly 
planar  (Figure  74).  The  faces  of  the  two  ncxi-spinning  versions 
were  at  an  luigle  to  the  model  axis.  The  face  of  Model  3-1  was 
slightly  concave.  _ 

4.  The  tungsten  sleeves  of  all  of  the  infiltrated  core  models  ablated 
into  a "turbulent  shape"  with  scallop  patterns  (Figure  75).  None 
of  the  other  models  had  such  patterns. 

The  motion  pictures  showed  that  the  distortion  in  the  two  non-spinning  thin-sheet  (0. 010-inch  segments) 
models  occurred  upon  exit  from  the  jet.  During  fiic  dwell  period  at  the  jet  centerline,  the  models 
ablated  in  a normal  fashion.  However,  as  they  moved  laterally  through  the  jet  boundary,  the  segments 
spread  apart  and  several  segments  were  torn  from  each  model.  No  similar  spreading  of  s^ments 
occurred  in  the  spinning  version;  however,  the  remnants  of  one  0. 120-inch  segment  which  had  nearly 
ablated  away,  was  torn  from  the  model  at  exit.  No  solid  material  loss  was  observed  from  any  of  the 
other  models  tested. 

The  movies  also  revealed  some  unexpected  behavior  in  tiic  non-spinning  infiltrated  s^- 
ment  models.  These  models  ablated  normally  until  the  forward  pure  tungsten  segment  ablated  through 
at  one  point  on  the  periphery.  The  nose  caps  then  became  asymmetric  very  rapidly  due  to  file  rela- 
tively high  ablation  rate  of  the  locally  exposed  infiltrated  tungsten.  In  the  case  of  Model  3-1  (Figure  74), 
in  particular,  there  was  a strong  coupling  between  the  nose  shape  and  flowfield,  which  promoted  the 
asymmetry.  About  halfway  through  the  two-second  dwell  period,  the  uosc  formed  into  a concave 
wedge,  which  deflected  the  hot  enfiiali^  core,  as  indicated  in  Figure  7G.  Hiereafler,  there  was 
almost  no  recession  of  fiie  wee^e  leading  edge.  Thus,  the  angle  between  file  face  and  the  model  axis 
cemtinued  to  decrease  fiuroughout  file  test,  while  the  overall  model  length  remained  nearly  cemstant. 

The  axial  recession  histories  obtained  from  the  motion  pictures,  along  with  the  indicated 
steady-state  recession  rates  are  shown  in  Appendix  B.  The  recession  results  are  summarized  in 
Table  23. 
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Figure  76.  Flow  deflection  on  flat-nose  models. 


Table  23.  Recession  data  summary  — segmented  tungsten  models. 


Model 

No. 

Overall 

Recession 

(inch) 

Avorage^*^ 

Recession 

Rate  (In/scc) 

Steady  Stato^* 
Recession 

Rate  (in/scc) 

Model  '1>1)C*®^ 

Observations 

1-1 

0.607 

0.334 

0.427 

Solid  tungsten 

1-2 

0.7S1 

0.431 

0.465 

0. 120  Segments 

1-3 

0.823 

0.434 

0.445 

Infiltrated  Core 

1-4 

0.750 

0.381 

0.366 

Infiltrated  Segments 

Concave  angular  face 

2-1 

0.553 

0.299 

0.350 

0. 120  Segments 

2-2 

0.765 

0.407 

0.483 

Solid  Tungsten  (S) 

2-3 

0.715 

0.370 

0.371 

0.045  thin  Sheet 

2-4 

0.701 

0.391 

0.417 

Infiltrateit  Core  (S) 

3-1 

0.340 

0. 189 

0.231(4) 

Infiltrated  Segments 

Rot  cntnalpy  core  dellectetl  by 
highly  angular  concave  face 

3-2 

3-3 

0.499 

0.808 

0.287 

0.425 

0.319 

0.433 

0. 120  Segments  (S) 

0.010  thin  Sheet 

Segments  billowed  out  w/loss 
of  several  at  nozzle  exit 

3-4 

0.750 

0.330 

0.432 

0.045  thin  Sheet  (S) 

3-5 

0.670 

0.351 

0.380 

Infiltrated  Core 

4-1 

4-2 

0.708 

0.626 

0.405 

0.335 

0.410 

0.428 

0. 120  Segments 

0.010  thin  Sheet  (S) 

Single  partial  segment  lost 
at  nozzle  exit 

4-3 

0.629 

0.337 

0.343 

0.045  Thin  Sheet 

4-4 

4-5 

0.904 

0.654 

0.486 

0.350 

0.523 

0.358 

infiltrated  Segments  (S) 

0.010  thin  Sheet 

Segments  billowed  out  w/loss 
of  several  at  nozzle  exit 

(1)  Overall  recession  divided  by  dwell  time. 

(2)  Recession  rate  after  Initial  transient;  obtained  from  motion  picture  data. 

(3)  (S)  After  model  type  designates  model  was  spinning. 

(4)  Rate  before  hot  enthalpy  core  was  completely  deflected  (sec  test). 

Final  overall  recession  rate  was  almost  zero. 
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3. 2.3.2  Thermostructural  Performance 

No  gross  thermostructural  failures  occurred  on  any  of  the  models.  However,  close 
inspection  revealed  a fine  crack  in  one  of  the  0.045-inch  segments  of  Model  4-3;  the  crack  occurred 
in  one  of  the  partially  ablated  segments  exposed  on  the  face  of  the  model.  A similar  crack  was  found 
in  one  of  the  badly  distorted  0. 010  segments  of  Model  4-5.  Inspection  showed  the  fracture  surfaces 
were  bright  and  free  of  oxidation.  Metallographic  examination  revealed  that  the  fractures  were  inter- 
granular and  ductile  in  nature,  indicating  that  they  occurred  during  cooldown  or,  possibly,  as  the 
model  left  the  jet. 

3. 2. 3.3  Instrumentation  Data 

Three  types  of  instrumentation  data  were  obtained:  1)  segmented  model  thermocouple 
temperature  histories,  2)  calorimeter  data,  and  3)  ultrasonic  ablation  gage  data.  The  reduced  thermo- 
couple data  for  each  segmented  model  are  given  in  Figures  B-19  through  B-23  of  Appendix  B.  (The 
thermocouples  adjacent  to  the  ultrasonic  transducers  were  included  for  diagnostic  purposes  only. 

As  the  transducers  did  not  change  temperature  during  the  test,  data  for  these  thermocouples  are  not 
presented. ) 

PDA  has  now  run  several  50  MW  tests  with  the  same  basic  model  configuration  as  in  the 
present  tests  (15°  half-angle  cone  \vith  a 0.25-inch  nose  radius).  As  no  sidewall  heating  data  were 
available  for  this  configuration,  calorimeter  model  tests  were  included  in  an  earlier  facility  entry 
(Reference  24).  However,  only  one  run  was  made  with  the  10138  nozzle,  and  the  data  for  that  run 
are  doubtful  because  the  null-point  calorimeters  were  not  flush  with  the  model  surface. 

Thus,  for  the  present  series,  the  null  points  were  replaced  and  a total  of  four  new  runs 
were  completed,  (Two  of  the  four  runs  were  made  in  a contiguous  series  of  PDA  50  MW  tests  (Ref- 
erence 28).  However,  the  data  for  all  four  runs  are  presented  here.) 

The  calorimeter  model  geometry  is  shown  in  Ffeure  69.  For  the  present  runs,  the  model 
was  oriented  with  the  three-sensor  ray  facing  up  as  indicated  in  the  figure.  In  the  run  of  Reference  24, 
the  sensor  ray  faced  down. 

The  mean  and  range  of  the  stagnation  point  heat  flux  measured  for  all  four  of  the  present 
runs  was  11,350  + 1400  Btu/ft^-sec.  The  sidewaU  heat  fluxes  are  plotted  in  Figure  77.  The  circles 
represent  the  data  means  for  each  location,  while  the  vertical  bars  indicate  the  range.  As  can  be 
seen,  the  single  calorimeter  on  the  bottom  ray  recorded  a higher  heat  flux  than  the  corresponding 
sensor  on  the  top  ray.  The  data  of  Reference  24  also  indicated  higher  heating  along  the  bottom  ray. 

To  complete  the  bottom  ray  curve,  two  data  points  from  Reference  24  are  also  plotted  on  Figure  77; 
however,  because  of  the  null-point  problem  mentioned  previously,  these  points  must  be  accepted 
with  caution. 

The  ultrasonic  gage  data  were  recorded  on  magnetic  tape.  Detailed  quantitative  analysis 
of  these  data  required  computer  processii^  using  a program  available  at  the  Aerospace  Corporation. 
However,  a qualitative  evaluation  could  be  obtained  from  an  oscilloscope  display  of  the  signal.  The 
results  of  such  an  evaluation  were  given  in  Reference  30.  The  principal  conclusions  w'ere: 


1. 


The  compression  wave  pulse/echo  signal  decayed  in  a manner  similar 
to  the  shear  wave  signal  in  previous  tests.  It  was  not  possible  to  obtain 
useful  recession  measurements  from  the  data. 
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2.  The  resonance  peak  for  the  sensor  on  Model  3-1  moved  erratically 
and  indicated  little  recession.  As  noted  in  Section  3. 2. 3. 1,  Model  3-1 
ablated  in  a peculiar  manner  and,  in  fact,  little  overall  recession 
occurred. 

3.  The  resonance  peak  for  the  sensor  on  Model  2-1  generally  behaved 
as  expected. 

Thus,  the  ou^ut  from  the  Model  2-1  sensor  was  selected  for  detailed  processing. 


$ DATA  KANGE  FOK  CURtENT 
^ AND  CONTIGUOUS  SERIES 

A data  i>OINIS  FROM  REF  22 


•onoM  RAV 


AXIAL  DISTANCE  FROM  STAC.  FT.  (IN) 

Figure  77.  Sidewall  heat  flux  data, 
AFFDL  50  MW  arc-jet. 


The  computer  processing  was  completed  under  the  direction  of  S.  Howell  of  the  Aerospace 
Corporation.  Figure  78  shows  the  processed  data  for  the  time  interval  of  interest.  The  frsimes,  each 
covering  a time  interval  of  0. 1 second,  Eire  arranged  in  a vertical  display.  The  left  boundary  corre- 
sponds to  a frequency  of  50  kHz,  the  right  boundEuy  to  150  kHz.  Several  resonances  are  visible  in 
this  interval.  Pre-test  experiments  indicated  that  the  3/2  wave  resonance,  initUilly  at  a frequency 
of  approximately  100  kHz,  gave  the  clesurest  indication  of  recession.  A dashed  line  on  Figure  78 
traces  the  history  of  this  resonance. 

3.2.4  Data  Analysis  and  Evaluation 

3. 2.4.1  Ablation  Performance 


For  a convenient  compEurison  by  model  type,  the  steady-state  axial  recession  rate  data 
from  Table  23  Eire  plotted  in  bEir-graph  form  in  Fig^ire  79.  The  data  from  the  rotating  models  are 
considered  to  be  the  more  reliable  indicators  of  the  relative  ablation  performance  expected  in  flight, 
since  possible  coupled  effects  of  nose  Emymmetries  on  the  test  environment  are  precluded.  Such 
effects  were  pEuticularly  evident  on  the  non-rotating  infiltrated  segment  models  (Section  3.2.3. 1 
Emd  Figure  74). 
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The  obvious  conclusion  from  Figure  79  is  that  the  ablation  performance  of  the  segmented 
concepts  was  at  least  as  good  as  for  the  solid  tungsten  models.  The  infiltrated  segment  concept  is  a 
possible  exception,  since  Model  4-4  receded  slightly  more  than  the  rotating  solid  model  (No.  2-2). 

With  the  exception  of  the  infiltrated  segment  models,  the  recession  rates  for  all  of  the 
tests  lie  within  a band  of  0.4  inch/secemd  + 20  percent.  The  data  suggest  that  the  + 20  percent  scatter 
is  random  in  nature  and  unrelated  to  the  model  type  (i.e. , normal  scatter  for  this  test  facility).  The 
scatter  in  the  recessions  of  the  four  0.120-inch  segment  models,  for  example,  is  nearly  as  great  as 
the  scatter  for  the  entire  data  set  (again  excluding  the  infiltrated  segment  models).  The  spread  in 
tiie  data  for  the  spinning  models  also  is  of  the  same  order  as  the  scatter  for  the  entire  population. 

Thus,  it  is  concluded  that,  witii  the  possible  exception  of  the  infiltrated  segment  models,  all  of  the 
segmented  models  ablated  the  same  as  the  solid  tungsten  specimens  within  experimental  error. 

It  may  be  noted  that  even  the  0. 010-inch  thin-sheet  models  ablate'*  at  the  same  t ^ady- 
state  rate  as  solid  tungsten;  all  mechanical  material  loss  and  distortion  occurred  at  the  end  of  the 
test,  as  the  models  left  the  jet.  However,  as  the  0. 010  sheets  are  apparently  fragile  at  high  tem- 
peratures, and  may  be  subject  to  mechanical  loss  at  angle-of-attack,  the  thin-sheet  concept  w.-s 
down  rated. 

The  infiltrated  segment  concept  is  difficult  to  evaluate.  Since  the  recession  rates  of  the 
non-spinning  models  were  affected  by  the  flowfield/nose  shape  coupling  (Section  3. 2. 3.1),  there  is, 
in  effect,  only  one  recession  rate  data  point  available.  The  recession  rate  of  the  spinning  infiltrated 
segment  model  (4-4)  was  only  9 percent  higher  than  the  recession  rate  of  tl>e  spinning  solid  tungsten 
model,  hardly  a statistically  meaningful  difference.  Still,  Model  4-4  did  recede  faster  than  any  other 
model  tested,  31  percent  faster  than  the  average.  Thus,  as  the  concept  offers  no  particular  advan- 
tage over  the  segmented  tungsten  designs,  further  development  does  not  seem  warranted. 

The  three  infiltrated  core  models  all  ablated  at  close  to  the  nominal  rate  (0.4  inch/second), 
with  very  little  scatter.  Scallop  patterns  and  a "turbulent  shape"  did  form  on  these  models;  however, 
the  axial  recession  rate  apparently  was  not  affected.  The  satisfactory  ablation  performance  of  these 
models  is  significant,  since  a copper-infiltrated  core  has  the  potential  of  improving  the  thermostruc- 
tural  margin  of  segmented  tungsten  nosetip  designs. 

The  0. 045-inch  and  0. 120-inch  segment  concepts  both  performed  satisfactorily.  The 
spinning  versions  of  these  designs,  in  particular,  ablated  very  smoothly  and  evenly. 

3. 2. 4. 2 Instrumentation 

The  three  types  of  instrumentation  evaluated  were;  1)  thermocouples,  2)  the  pulse/echo 
acoustic  gage,  and  3)  the  resonant  frequency  ablation  gage.  The  potential  application  of  all  three  is 
to  measure  the  in-flight  recession  rate  of  tungsten  nosetips. 

Encouraging  test  results  were  obtained  only  for  the  resonant  frequency  gage.  As  noted 
in  Section  3. 2. 3. 3,  the  signal  from  tlie  compression  wave  pulse/echo  gage  attenuated  to  unacceptable 
levels  before  any  measurable  recession  occurred.  Attempts  to  correlate  the  thermocouple  tempera- 
ture histories  (Appendix  B)  ^^ith  recession  also  were  u.'su;.cessful.  In  general,  the  thermocouples 
either  failed  or  reached  maximum  calibration  temperature,  well  before  becoming  exposed  by  ablation. 
Neither  the  failure  times  nor  the  rate  of  temperature  rise  could  be  related  to  recession.  The  data 
suggest  that  hot  gas  l'»akage  may  have  been  the  dominant  source  of  run-to-run  temperature  variations. 
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As  stated  in  Section  3. 2. 3. 3,  only  the  resonance  gage  data  for  Model  2-1  were  analyzed 
in  detail.  The  steps  in  the  analysis,  following  the  theory  outlined  in  Section  6.1,  were: 


1. 


2. 


3. 


The  3/2  wave  resonant  frequency  history  was  obtained  from 
F^ure  78  (dashed  line). 

From  the  resonant  frequency  history  (f),  the  history  of  the 
acoustic  wave  round  trip  time  (tq\  was  computed  from  the 
formula  Tq  = 3/f.  ^ ^ 

The  "ai^arent  length"  history  of  the  tungsten  stud  was 
obtained  from 


1^0  = 


' where  is  the  room  temperature 


speed  of  sound  in  tungsten. 

4.  The  actual  length  history  was  obtained  by  adding  an  analyti- 
cally determined  "temperature  correction"  to  the  apparent 
length. 

To  obtain  the  temperature  correction,  the  internal  nosetip  temperature  distributions  were 
calculated  for  the  50  M\V  environment  using  the  NOSEC  computer  code  (described  in  Reference  7). 
Figure  80  shows  the  degree  of  correlation  between  the  actual  model  shape  change  history  (from  the 
motion  picture  data)  and  the  shape  change  calculated  with  the  NOSEC  code.  Figure  81  (a)  shows  the 
calculated  axial  temperature  profiles,  while  Figure  81  (b)  gives  the  tungsten  speed  of  sound  variation 
with  temperature  (from  References  2 and  31).  The  resultant  temperature  correction  history  is  given 
in  Figure  82. 
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F^ure  80.  Comparison  of  measured  and  computed  model  shapes. 
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Ctmclusions 


Tbe  principal  conclusions  from  the  test  scries  are: 


Segmentation  of  tungsten  noset^  has  no  cietrimcntal  effect  on 
ablation  performance. 

All  of  the  segmented  designs  ablated  satisfactorily  tdien  the 
models  were  on  flow  centerline.  However,  the  0.010-inch 
thick  "ttiin-sheet"  segments  used  in  one  design  deformed  and 
tore  under  the  side  loads  generated  during  flow  exit. 

All  of  the  models  exhibited  satisfactory  thcrmostructural 
performance  in  the  test  environment. 

The  resonant  firequmicy  ablation  gage  successfully  measured 
the  recession  of  a s^mented  tungsten  model. 

The  compression  wave  pulse/ecbo  gage  is  unsatisfactory  as 
a tungsten  ablatioa  sensor. 

The  in-dcptt>  tiiermocoiq)lc  ten^ratnre  histories  could  net 
be  correlated  with  ablatioo. 


4.0  HEARTS/ERN  DESIGKS 


Tlu^sten  nosetips  were  ili^A-testcd  on  HEARTS  (Itjdromclcor  Erosion  And  Recession 
Test  ^'stem)  reentry  vehicles  as  an  intermediate  eraloation  step  prior  to  full-scale  ICBM  fli^ds  <hi 
A.N.T.  rccntiy  vehicles.  O&er  ERN  fH^  tests  were  performed  in  the  lurosnun  (Referoicc  2) 
and  in  the  FIAME  program  (Sectiao  5.0).  Tlie  HEARTS  vehicles  (Reference  32)  were  Immched  on 
Athena  C and  D boosters  and  attained  eidry  velocities  of  approsimatefy  IS. 000  ft/sec  at  fli£^ 
path  angles  of  around  33  degrees. 

Tno  monolithic  tungsten  nosetips  and  one  segmented  tungsten  noset^*  were  Ixdlt  for  the 
flight  test  program.  One  monolithic  noset^  was  destroyed  in  a vddcle  launch  malfnnction.  and  the 
other  two  nosct^>s  e3q>cricnccd  saccessfui  flight  tests.  Each  nosetip  was  covered  with  a teflon  glove 
designed  to  bum  through  and  m^ose  the  tungsten  at  an  altitnde  of  approximately  35  Idt.  thereby  simu- 
latii^  antic^nted  conditions  for  flight  thro^h  erosive  weather  environments. 

This  section  describes  the  thermal  and  structural  design  analyses  of  the  two  HEARTS/ERX 
cemfigorations  and  briefly  summarizes  Hie  flight  remits.  The  basic  objectives  of  these  fli^ds  were 
to;  1)  evaluate  the  thermal  and  structural  performance  of  tungsten  nosetips  in  actual  fli^d  environ- 
ments, atxi  2)  evaluate  the  effect  of  flie  s<^mentcd  constmetion  on  thermostmctural  performance. 
However,  it  was  recognized  that  the  thermostmctural  environment  in  flic  HEARTS  fli^ds  would  be 
less  severe  than  on  a full-scale  ICBM  fli^  (sach  as  the  A.N.T.  vehich»).  Therefore,  the  main 
emphasis  of  these  designs  was  to  evaluate  the  cflcct  of  the  segmented  boundaries  on  noset^  recession 
characteristics.  It  also  should  be  noted  that  the  design  was  compromised  somewhat  to  acetmunodate 
an  acoustic  rccessitm  gage  and  thermocouples  installed  between  flic  segments.  Consequentfy.  the 
desiges  were  not  optimized  for  thcrmoctnKtural  performance,  and  raaigin-of-safely  comparisons 
between  the  two  designs  should  not  be  t^um  as  an  indication  of  the  maximum  improvemcid  obtainable 
with  the  segmented  constroctioa  technique. 

The  HEARTS  monolithic  and  segmmded  tnegsten  nosetip  designs  arc  shown  in  F%nrcs  S4 
and  S5.  respectively.  Both  designs  were  sphcre-ogivc-cone  condgurations  to  diqdicalc  the  shape 
a proposed  erosion-resistant  insert  bciug  desh^ied  ly  the  General  Electric  Company  as  a potmdial 
Mark  12  nosetip  modification.  The  monolithic  nosetip  was  machined  from  a 2.e2-iach  diameter  ex- 
truded Idllct  (d^lvauda  *’finc-grain*'  toigstcn  Ohe  proposed  Mark  12  material).  The  segmoitcd  nose- 
tip was  fabricated  from  3. 0-in^  diameCcr  extraded  billets  of  2 percent  tboriated  tnqgstcn.  Each 
segment  was  machined  from  sectioas  of  an  cxtmded  billet,  as  opposed  to  the  nwct-forgii^  and  coming 
method  used  to  fabricate  the  FIAME  nosetip  segments  Section  5.0).  Both  nosetips  utilized  a tastalum 
10  peree"*  alloy  sleeve  for  stmchnnl  attachment  to  the  vehicle.  The  sleeves  were  sbriak- 

flttcd  onto  the  shank  of  the  pli^  nosetip  with  a nominal  interference  of  0.002  iadi.  The  stnd  and 
segment  stack  asscmldy  in  the  segmented  dcs%n  were  retained  ty  a taxfalum  nut  threaded  to  the  ail 
end  of  the  stnd-  The  nut  was  reacted  against  a spring  washer  to  provide  limited  moveracaft  to  acemn- 
modate  thermal  c3cpansioa  of  ihe  scgmmit  relative  to  the  stnd. 

4. 1 DE^N  .AXALTSES 

4.1.1  Thermal  Analysis 

f-Vniatimig  were  performed  to  predict  Ihe  acrothcrmal  response  of  the  «5lid  and  seg- 
mented HEARTS/ERS  des%ps  Utostratod  in  Figures  S4  and  S5.  Hie  caknlatiatts  as^nned  a dear  air 
environment  used  the  two  design  trajcct<wies  shown  in  Figwes  SO  and  0io*n  Reference  32). 


Figure  84,  HEARTS  monolltlilc  tungsten  nosettp. 
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Figure  85.  HEARTS  segmented  tungsten  nosetip. 


Figure  87.  HEARTS  design  ti'ajectory  number  2 
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Botli  ti'ajoctorlos  had  planned  onfa'y  flight  path  angles  |yg)  of  35  degrees,  witli  the  small  difference  In 
entry  velocUlos  (Vg)  corresponding  to  the  two  different  boosters  used  In  the  HEARTS  n program. 
Most  of  the  design  calculations  used  the  slightly  more  severe  Traiectory  No.  2 (Figure  87). 

Two-dimensional  nodal  networks  were  constructed  to  represent  tlie  two  nosctlps  for  the 
heat  conduction  calculations.  The  networks  for  tlto  solid  and  segmented  designs  are  Illustrated  In 
Figures  88  and  89,  respectively.  Two  thermal  models  were  considered  to  describe  heat  conduction 
In  tlio  segmented  nosotlp.  In  the  first  model,  perfect  thermal  contact  was  assumed  between  all  com- 
ponents. This,  of  course.  Is  equivalent  to  tlio  solid  nosotlp  network  (Figure  88)  and  produces  the 
maximum  temperature  gradients  In  the  nosotlp.  For  the  second  model,  the  segments  and  collar 
were  assumed  to  bo  In  perfect  thermal  contact,  and  tlds  assembly  was  considered  to  be  perfectly 
Insulated  from  tlio  center  retention  stud  (although  radiation  between  the  segments  and  the  stud  was 
permitted).  This  second  network  model  (Figure  89)  Is  believed  to  bo  more  representative  of  actual 
conditions  since  the  segments  are  maintained  In  axial  compression  tliroughout  the  flight,  but  arc  free 
to  expand  or  movo  relative  to  the  stud. 

The  tlioi  mophyslcal  properties  of  tungsten  used  In  tlio  thermal  response  calculations  ai'e 
summarized  In  Table  24.  The  density,  molt  temperature,  specific  heat,  and  heat  of  fusion  were 
obtained  from  Reference  33,  and  the  tliermal  conductivity  data  are  from  Reference  34,  The  total 
hemispherical  emlsslvlty  data  ware  obtained  from  Reference  35  and  are  based  on  measurements 
made  In  a vacuum.  No  attempt  was  made  to  account  for  the  possible  effects  of  a sui'face  oxide  on 
the  emlsslvlty. 

The  ablation  and  heat  conduction  calculations  wore  performed  wltli  the  NOSEC  (NOsetlp 
Shape  cluingo,  Erosion,  and  Conduction)  computer  code,  which  Is  described  In  Reference  7.  The 
thermochomlcal  ablation  model  for  tungsten,  described  previously  (References  22  and  36),  assumed 
chemical  equilibrium  In  tlie  gas  phase  with  kinetic  effects  occurring  only  at  the  ablating  surface. 
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Figure  88.  Thermal  nodal  network  for  solid  IIEARTS/ERN  nosetlp. 
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The  basic  assumptions  and  methods  used  in  the  convective  heating  calculations  were  the 
same  as  were  used  in  the  A.N.T./ERN  detailed  design  analyses  (References  2 and  22).  The  surface 
heat  transfer  distributions  were  computed  by  standard  smooth-wall  methods  and  tlien  modified  to 
account  for;  1)  the  effects  of  surface  roughness  on  the  onset  and  progression  of  boundary  layer  tran- 
sition, and  2)  the  development  and  increased  heating  effects  of  surface  roughness. 

Boundary  layer  transition  was  predicted  by  the  PANT  criterion  (Reference  37)  using  a 
characteristic  surface  roughness  height  of  0. 5 mil.  The  effects  of  uniformly  distributed  (sand-grain) 
surface  roughness  on  tlio  laminar  heating  distribution  was  included  using  the  method  of  Reference  38. 
These  laminar  calculations  used  the  same  effective  roughness  height  as  that  used  in  the  boundary 
layer  transition  predictions. 

After  transition  is  predicted,  the  local  surface  roughness  height  increases  and  can  be 
characterized  either  by  a larger  sand-grain  roughness  or  by  the  crosshatched/scallop  pattern  type 
of  surface  roughness.  The  sand-grain  roughness  was  assumed  to  increase  at  a rate  equal  to  20  per- 
cent of  the  local  surface  recession  rate,  to  a maximum  value  of  2 mils,  and  the  smootl\-wall  turbu- 
lent heat  flux  was  augmented  by  the  expressions  of  Powars  (Reference  38).  The  formation  and 
augmented  heating  effects  of  crosshatching  and/or  scallop  patterns  were  described  by  the  methods 
of  Grabow  and  White  (Reference  39).  The  scallop  pattern  typo  of  roughness  generally  was  used  for 
tungsten  in  turbulent  flow.  Sand-grain  roughness  was  used  if  the  scallop  formation  criterion  of 
Reference  39  was  not  satisfied.  However,  the  calculations  indicated  that  scallop  patterns  would  be 
predicted  in  the  forward  nose  region  for  all  reentry  cases  of  Interest.  (This  may  represent  a defi- 
ciency in  the  analytical  modeling  for  tungsten,  since  the  SAMS/ERN  flight  results,  described  In 
Reference  2,  indicated  that  the  scallop  patterns  would  form  only  in  flight  through  erosive  environ- 
ments. However,  the  higher  heating  augmentation  factors  associated  with  scallop  patterns  represents 
a conservatism  in  the  design  calculations.  Furthermore,  it  remained  to  be  proven  if  there  would  be 
a greater  tendency  for  scallop  pattern  formation  in  higher  performance  flight  regimes. ) 

The  thermal  response  of  the  monolithic  design  was  computed  for  both  design  trajectories 
(Figures  8G  and  87),  while  the  segmented  configuration  was  analyzed  only  for  tlie  more  severe  Tra- 
jectory No.  2 (Figure  87).  For  all  three  cases,  the  tungsten  was  assumed  to  be  exposed  suddenly 
at  an  altitude  of  35, 000  feet.  Since  the  tungsten  was  covered  with  a teflon  glove  prior  to  tlie  exposure 
altitude,  the  nosetips  were  assumed  to  be  at  a uniform  temperature  of  700F  at  the  time  of  initial 
exposure. 

The  computed  stagnation  point  recession  histories  for  the  three  cases  are  shown  in 
Figure  90.  Figures  90  (a)  and  90  (b)  compare  the  monolithic  nosetip  recession  histories  for  the 
two  design  trajectories;  as  indicated,  the  diffei’enco  is  very  small.  The  predicted  recession  history 
for  the  segmented  design  is  presented  in  Figure  90  (c).  The  corresponding  nosetip  profile  histories 
are  illustrated  in  Figure  91  for  all  three  cases. 

Internal  temperature  distribution  histories  were  computed  for  use  in  the  nosetip  thermo- 
structural  response  predictions  (Section  4.1.2).  The  computed  in-depth  temperatures  are  illustrated 
in  Figures  92  and  93  for  the  solid  nosetip  and  the  segmented  nosetip  stud,  respectively.  The  results 
are  shown  in  the  form  of  lines  of  constant  temperature  (isotherms)  at  several  different  altitudes. 

(Note  that  the  scales  of  the  nosetip  coordinates  are  different  in  different  portions  of  Figures  92  and  93. 
This  is  a result  of  the  response  of  the  automatic  plot  routine  as  the  nosetip  shape  changed  due  to 
recession.)  These  temperatures,  along  with  the  computed  histories  of  the  nosetip  shapes  and  surface 
pressure  distributions  were  output  on  magnetic  tapes  for  direct  input  to  the  structural  analysis  com- 
puter codes. 
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Structural  Analysis 
4. 1.2.1  Monolithic  Design 

The  results  of  the  preceding  nosctip  thermal  response  predictions  were  used  as  inputs 
to  a finite  element  thermostructural  analysis.  Mechanical,  ohysical  and  s'rengtlj  properties  required 
for  the  analysis  were  taken  from  References  2.  20  and  21. 

The  predicted  minimum  margins-of-safety  are  nlotted  as  functions  of  altitude  in  Figure  91, 
which  also  shows  the  location  history  of  the  critical  elemei..  .'elaf.ve  to  the  original  (unablatcd)  geom- 
etry. The  analysis  was  completed  initially  with  a data  base  ami  e.aterial  model  developed  for  3-ineh 
diameter  extruded  billets  of  thoriated  tungsten.  Three  time  points  were  subsequently  repeated  using 
a material  and  strength  mocicl  developed  specifically  for  tl>e  Sylvania  "fine-grain"  material  from 
which  the  nosetip  was  machined.  These  results  are  also  given  in  Figure  94  and  show  little  difference 
from  the  previous  results. 


AimuOl  (KFl) 

Figure  94.  Minimum  brittle  margin-of-safefy  versus  altitude, 
REARTS/ERN  solid  nosetip. 


■Rvo  important  aspects  of  tungsten  material  behavior  were  omitted  from  tlie  analysis. 
First,  the  brittle  material  volume  effect  would  probably  indicate  much  lower  margins-of-safety  than 
determined,  since  the  stressed  volume  is  iiigher  than  that  of  the  tensile  test  coupons  from  which  the 
strcngtli  data  were  derived.  The  otlier  consideration  is  tliat  of  crack  propagation.  Late-time  negative 
margins,  which  arc  measures  only  of  the  probability  of  crack  initiation,  may  not  bo  indicative  of  an 
observable  flight  failure.  A crack  initiating  in  flight  may  only  propagate  through  the  brittle  zone  to 
the  boundary  of  the  ductile  zone.  This  case  becomes  catastrophic  only  when,  later  in  flight,  the 
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ublntion  front  rcnchos  tho  crack  and  material  is  removed.  If  the  crack  forms  late  in  flight,  ns  indi- 
cated by  this  analysis,  the  crack  may  never  be  exposed  prior  to  successful  impact. 


•1.1.2. 2 Segmented  Design 

The  thermal  heat  conduction  analysis  of  tho  segmented  design  concept  assumeci  that  tlic 
boundary  between  the  segment  stack  and  the  stud  was  bisulatcd.  As  discussed  in  Section  -i.  1. 1,  tltis 
was  judged  to  bo  U»e  most  realistic  niO(iol  of  the  nosetlp.  The  1500‘^F  isotlierm  at  20,200  ft  altitude 
is  shown  in  Figure  95  for  tho  segmented  design  for  both  the  insulated  boundary  condition  and  for  a 
condition  of  perfect  tiiermal  contact.  Tho  figure  illusU'ates  tl>e  effect  of  the  insulated  boundary.  It 
also  shows  that  tho  Isotherm  is  essentially  perpendicular  to  tl>e  segment  boundaries,  bidicating  tiiat 
little  heat  flows  across  segment  boundaries.  Consequently,  tl»e  thermal  contact  boundary  condition 
between  individual  segments  is  not  Important. 

(a)  Non-insulatcd 


• 20.2  KFT 

• 1500'f  ISOIHER.M 


(b)  Insulated  along  stud-segment  boundary 


INSUUTtO  SURFACE 


Figure  95.  Internal  temperature  comparison  of  Insulated 
and  non-insulatcd  segmented  nosetips. 


The  computed  minimum  marglns-of-safet>'  in  the  stud  and  segments  are  shown  as  functions 
of  altitude  in  Figures  9G  anti  97,  respectively.  The  results  indicate  a significant  improvement  over 
the  solid  (monoliUde)  design.  In  addition,  the  volume  of  stressed  material  is  much  less  in  individual 
components  than  in  the  monolithic  design.  If  the  brittle  material  volume  effect  had  been  taken  into 
account,  the  improvement  in  probabilit>’  of  failure  would  have  I)ccn  more  dramatic. 


FUGHT  TEST  RESULTS 


Tungsten  nosetips  were  flight-tested  successfully  on  two  REAKTS  H ri  entry  vehicles. 
The  solid  (monolithic)  design  was  flmra  on  HEARTS  Vehicle  106,  which  was  launchetl  on  an  Athena  C 
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booster  from  Wallops  Island,  Vii^lnla  oa  20  January  1975.  The  segmeitfed  design  was  floim  on 
Vehicle  112,  which  was  launched  on  an  Atheua  D booster,  also  from  the  Wallops  Island  facility,  on 
2 April  1975.  Vehicle  112  was  flown  in  a clear  air  environment,  while  Vehicle  106  encountered  a 
very  light  (and  undefined)  cloud  envlrmiment  at  low  altitudes  (below  16,000  ft). 

Both  nosetlps  survived  to  impact  with  no  evidence  of  tiiermostrucbiral  failure  or  asym- 
metric ablation.  The  flights  were  considered  to  be  completely  satlsfactoiy  demonstratioos  of  the 
feasibility  of  the  ERN  concept  in  a moderately  severe  clear  air  reentry  flight  environmeid.  In  par- 
ticular. it  was  noted  that  the  performance  of  the  segmented  design  was  idoitical  to  that  of  the  monc- 
lithlc  design  in  all  respects.  There  w*as  no  measurable  evidence  that  the  segmmited  constrnctioa 
caused  aqy  change  in  the  nosetip  flow  or  ablation  characteristics. 

Each  nosetip  was  iTiStrumented  with  a K West  pulse/echo  ultrasonic  ablation  sensor  and 
with  16  thermocoi4>les.  The  monolithic  nosetip  used  a shear  wave  transducer  (the  baseline  A.N.T./ 
ERN  sensor),  while  the  segmented  design  was  equipped  with  a compression  wave  transducer  that  was 
being  evaluated  as  an  alternate  sensor,  hi  both  flights,  the  return  echo  disappeared  wifliin  one  second 
after  removal  of  the  teflon  glove,  and  no  usable  recession  measurements  were  obbdned.  The  16 
thermocouples  were  positioned  at  various  locations  within  the  nosetip  and  heatshield  to  provide  mate- 
rials performance  data  and  diagnostic  information.  Nearly  all  of  the  thermocotqiles  performed  satis- 
factorily in  the  flights. 

Detailed  post-flight  analyses  were  conducted  only  for  the  monolithic  nosetip  flown  on 
Vehicle  106.  The  results  of  these  analyses  are  presented  in  this  section.  The  derived  performance 
of  the  tungsten  nosetip  is  described  in  Section  4.2.1,  and  the  nosetip  skirt  heatshield  performance  is 
discussed  in  Section  4.2.2. 

4.2.1  Nosetip  Performance 

The  tungsten  nosetip,  illustrated  in  Figure  S4,  was  a sphere-ogive  configuration  with  an 
initial  radius  of  0.66  inch.  The  nosetip  was  of  monolithic  0.e. , solid)  construction  and  was  fabri- 
cated from  a 2.62-inch  diameter  extru^  billet  of  Sylvania  '’flne-grain''  tungsten.  The  skirt  heat- 
shield was  a conical  frustum  of  5055A  tape-wT:q)pcd  carbon  phenolic,  with  a wrap  angle  of  26  degrees 
from  the  axis  of  symmetxy.  The  plies  were  oriented  in  an  aft-facing  direction.  The  forward  portion 
o{  the  nosetip  was  co\'ered  with  a teflon  glove,  designed  to  bum  through  and  provide  sudden  exposure 
of  the  tungsten  at  an  altitude  of  approximately  35  kft.  The  initial  spherical  nose  radius  of  the  teflon 
cap  was  0.75  inch. 

The  HEARTS  II  reentry  vehicles  are  conical  frusta  with  a half-angle  of  6.43  degrees. 

The  heatshield  material  is  the  same  type  of  carbon  phenolic  used  for  the  nosetip  skirt  heatshield 
(descriUkl  above).  The  nosctip/vehiclc  interface  is  located  at  vehicle  station  16.69  inches,  mea- 
sured from  the  theoretical  cone  apex.  The  overall  dimensions  of  the  HEARTS  n vehicles  arc  sum- 
marized below: 


HEARTS  n RV  106  DIhlENSIQNS 

Weight 

61.891 

lbs 

LecgUi 

34.01 

inches 

Bnse  Diameter 

9.112 

inches 

Cone  Half-Ai^le 

6.43 

degrees 
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Vehicle  instrumentatioo  that  »«re  utilized  in  the  post-fligld.  analysis  of  the  trajectory  mrc  the  axial, 
pitch,  and  yaw  accelcronictcrs. 

Noscl^  instrumentation  consisted  of  16  thermocouples  and  a K West  ultrasonic  ablation 
sensor  (Figure  $4).  Obe  tbcrmococple  (Al)  u-as  designed  to  provide  an  indication  of  teflon  cap  re- 
moval; eight  tbcrmocoiqilcs  were  allocated  to  measure  She  response  oi  the  carbon  i^jcnolic  skirt 
heatshield  (the  post-flight  evaluation  the  beatshield  instrumentation  is  discussed  in  Section  4.2.2); 
one  thcrmoco(q>le  (AT)  measured  the  temperature  oi  the  ablation  gage  transducer;  and  one  ihermo- 
coiqdc  (AS)  was  designed  to  provide  an  indication  of  possible  catastrophic  failure  of  the  tungsten  fay 
measurii^  the  internal  gas  temperature.  The  remainit^  five  thcrmocotqiles  measured  the  thermal 
response  of  the  tui^stcn  nosetip  and  tantalum  holder  at  three  tSlfercnt  axial  locations  in  the  shank 
rt^on.  .All  16  thermocouples  functimied  satisfactorily  dsrii^  the  flight. 

The  ultrasofuc  ablation  gage  used  a palsc/ccho  shear  wave  transthmer  with  a frequency 
of  1.5  mltz.  Ourit^  the  flight  the  return  echo  decreased  suddmily  soon  after  tuz^sten  exposure  ant* 
became  undetcctaUe.  No  useful  data  * ■ere  emtained  from  the  Elation  gage. 

The  flight  trajectory  was  nominal  uith  two  exceptions;  1)  separation  imposed  a periodic 
motion  on  Vehicle  106  (but  not  on  Vehicles  104  or  103.  which  were  launched  on  the  same  booster) 
that  produced  maximum  ai^lcs-of-attack  in  excess  of  20  degrees  at  altitudes  above  150  kfl:  and 
2)  the  clouds  mere  at  lower  altitudes  thaii  desired  so  that  the  weather  environment  was  encountered 
at  lower-than-planncd  velocities. 

Trajectories  for  the  three  vchicics  were  reconstructed  by  Xenics.  Inc.  (Kcfcrcncc  40) 
using  digitized  axial  accelerometer  data.  While  pitch  and  yaw  accelerations  also  proride  contribu- 
tions to  total  vehicle  acceleration,  they  arc  important  only  for  large  jntch  and  yaw  aisles  ami  were 
not  included  in  the  Xonics  reconstructions.  In  view  of  the  large  mteh  and  yaw  angles  seen  hy  Vehi- 
cle 106,  it  was  believed  necessary  to  examine  this  simpUfleation.  To  provide  an  upper  bound  for 
the  influence  of  pitch  and  yaw  accclcratiims,  the  trajectmy  was  reconstructed  by  PDA  asii^  a normal 
acceleration  history  obtained  from  the  envelope  the  peak  values  recorded  hy  the  yaw  accelerometer. 
The  following  expressions  wx;ro  used  to  account  for  ai^lc-oi-attack  effects: 
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in  which  V„._^  , , and  V , arc  the  measured  acecicratious.  ami  . ‘ is  given  in  Figure  Si!. 
NlXlAiAL*  do 

Since  the  Xonics  trajectory  was  reconstructed  usipg  d^tized  data,  while  the  PDA  rccoa- 
stroctioQ  described  above  was  based  on  Jata  extracted  mamally  from  the  oscillcgraph  records,  the 
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Figure  98.  HEARTS/ERN  normal  force  coefficient  derivative. 


Xonlcs  trajectory  was  believed  to  be  Inherently  more  accurate  (excluding  angle-of-attack  effects). 
Consequently,  trajectories  were  reconstructed  by  PDA  both  with  and  without  angle-of-attack  contri- 
butions, and  the  Xonlcs  trajectory  was  then  modified  by  the  computed  differences  In  the  velocity  and 
altitude  histories  caused  by  the  angle-of-attack.  Figures  99  and  100  show  tliese  four  trajectories. 

It  Is  seen  that  Inclusion  of  the  angle-of-attack  contribution  to  drag  In  the  trajectory  reconstruction 
produces  an  altitude  difference  of  3200  feet  at  100  kft.  This  would  Imply  that,  for  Vehicle  106,  the 
Xonlcs  trajectory  reconstruction  should  have  predicted  an  altitude  at  loss-of-slgnal  3200  feet  lower 
than  the  altitudes  predicted  at  loss-of-slgnal  for  Vehicles  104  and  105.  This  altitude  difference  Is 
actually  only  315  feet.  Indicating  that  the  above  analysis  provides,  as  Intended,  an  upper  bound  on 
the  Influence  of  angle-of-attack  on  the  trajectory,  since  the  envelope  of  peak  angles  was  used.  It 
also  Indicates  that  the  true  trajectory  Is  probably  closer  to  the  baseline  trajectory  given  In  Refer- 
ence 40  than  that  modified  above  to  account  for  angle-of-nttack  effects.  Therefore,  the  trajectory 
reported  by  Xonlcs  (Reference  40)  was  used  as  the  baseline  trajectory  for  all  subsequent  calculations. 


No  quantitative  cloud  density  data  wore  obtained  because  tlie  clouds  were  below  tlie  air- 
craft flight  sampling  altitude  of  16,000  feet  In  the  region  of  tlie  vehicle  flight  patli. 


The  ablation  of  the  teflon  glove  was  calculated  using  an  effective  heat  of  ablation,  Q*, 

given  by 


Q*  = o+T]/\-  h \ Btu/lb 


(5) 
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Figure  101.  HEARTS/ERN  teflon  cap  removal  map. 


along  with  the  following  material  properties: 

Thermal  Conductivily,  k = 3.89  x 10"®  Btu/ft-sec-OR 
Heat  Capacity,  €„  = 0.25  Btu/lb-OR 
Densily,  P = 137  Ib/ft® 

Laminar  Blowing  Parameter,  rju^^  = 0.44 
Turbulent  Blowing  Parameter,  ^XURB  ~ 

Ablation  Temperature,  T^  = 1660PR 

A series  of  ablation  and  shape  change  calculations  was  performed  to  determine  the  sen- 
sitivity of  the  teflon  glove  removal  altitude  to  the  expected  error  band  in  entry  angle  and  velocity  for 
trajectories  predicted  both  with  and  without  angle-of-attack  effects.  These  calculations,  which  were 
performed  in  conjunction  with  the  angle-of-attack  analysis  discussed  previously,  used  a NOHARE 
code  option  in  which  a spherical  earth  ballistic  trajectory  prediction  is  combined  with  the  ablation 
and  shape  change  calculations  so  that  the  analysis  represents  full  coupling  between  vehicle  shape  and 
weight  change,  drag,  and  the  trajectory.  The  same  boundary  layer  transition  and  rough  surface 
heating  assumptions  used  in  the  pre-flight  analysis  (Section  4. 1. 1)  were  used  in  these  calculations. 

The  results  of  these  analyses  are  shown  in  Figure  101,  along  with  the  cap  removal  condi- 
tions obtained  from  the  trajectory  reconstruction.  In  the  NOHARE  analysis,  cap  removal  was  assumed 
to  occur  when  the  teflon  burned  Hirough  at  the  sonic  point.  Actual  removal  was  seen  in  the  telemetry 
data  as  a sudden  rise  in  the  response  of  Thermocouple  A1  and  as  a spike  and  a change  in  the  shape  of 
the  curves  ot  all  three  accelerometer  traces  6.40  seconds  before  loss-of-slgnal  (vehicle  impact). 


Entrj'  Angle 
Error  (degree) 

1 

Nominal  r 
^ -0.5  1 


♦0.5 

Nominal 

-0.5 


“200  Nominal  *200 

EOTRY  VELOCITY  EBROH  (KT/SEC) 


135 


The  altitudes  corresponding  to  6.40  seconds  before  impact  were  obtained  from  Figure  99.  It  can  be 
seen  in  Figure  101  that  tlie  cap  removal  altitude  is  relatively  insensitive  to  errors  in  entry  conditions. 
It  also  is  seen  that  the  removal  altitude  predicted  for  the  nominal  entry  conditions  is  within  1000  feet 
of  the  removal  altitude  determined  from  trajectory  reconstructions,  with  or  without  the  inclusion  in 
the  analysis  of  angle-of-attack  effects.  Figure  102  shows  the  predicted  teflon  cap  profiles  for  nomi- 
nal entry  conditions,  including  the  effects  of  angle-of-attack. 
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Figure  102.  Computed  teflon  cap  shape  l>ist 


The  tungsten  nosetip  and  I vatalum  liolder  wer.-'  aneij-  ”:d  using  the  NOSEC  code  with  the 
coupled  ti'ajectoiy  calculation  option.  Tic  Aodal  netwoi'k  us^  i in  those  calculations  is  shown  in 
Figure  103.  This  network  is  the  same  as  tbe  pre-flight  iieb.vork  (Figure  S8),  with  tlie  exception 
that  the  tantalum- 10  percent  tungsten  holder  was  modeled  tu  permit  correlation  of  tlie  measured 
temperature  histories  in  the  shank  region.  The  influence  of  angle-of-attack  on  the  trajectory  after 
teflon  cap  removal  was  studied  and  found  to  be  negligible  due  to  the  low  pitcli  mid  yaw  angles  experi- 
enced. The  following  conditions  for  the  analysis  wore  talcen  from  the  Xonies  trajectory  reconstruc- 
tion for  a time  6.40  seconds  before  loss  of  signal: 


Vq  = 14,650  ft/sec 
Zq  = 34,700  ft 
To  = '“IS-  96  degrees 

It  has  been  found  from  SAMS  flight  tests  (Reference  36)  that  the  prlmai’y  effect  of  weather 
on  tungsten  nosetips  is  to  h'iggcr  tlie  formation  of  surface  scallop  patterns  in  the  region  of  turbulent 
flow  melting  ablation.  Since  almost  all  of  the  nosetip  ablation  on  this  vehicle  occurred  above  16,000 
feet  and  since  no  weather  was  encountered  above  16,000  feet,  the  flight  was  analyzed  using  the  clear 
air  methodology  outlined  in  Reference  36.  Figure  104  shows  the  predicted  nosetip  profile  history. 
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Figures  105  through  107  compare  the  telemetered  thermocouple  data  to  the  predicted 
tungsten  or  tantalum  surface  temperatures  at  the  points  closest  to  the  thermocouple  junctions.  It 
is  seen  that  in  each  case  the  predicted  surface  temperature  exceeds  the  recorded  thermocouple 
response.  The  following  three  causes  were  considered  to  explain  this  lack  of  agreement:  1)  poor 
thermal  contact  between  the  thermocouple  junction  and  the  nosetip,  2)  actual  recession  of  the  tung- 
sten that  was  lower  than  predicted,  and/or  3)  lower  thermal  diffuslvity  /K/PCpj  than  that  used  in 
the  analysis.  ' ' 


i 

i- 


Figure  105.  Comparison  of  measured  and  computed  temperature 
histories,  HEARTS/ERN  solid  nosetip  location  2. 


Figure  106.  Comparison  of  measured  and  eomputed  temperature 
histories,  HEARTS/El’N  solid  nosetip  location  3. 
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Figure  107.  Comparison  of  measured  and  computed  temperature 
histories,  IIEARTS/ERN  solid  nosetip  location  7. 

After  surveying  the  thermocouple  installation  techniques  and  the  measured  clevtrical 
resistance  between  the  thermocouple  and  the  nosetip,  it  was  decided  that  the  thermal  contact  error 
should  have  been  much  loss  than  the  observed  differences  between  predicted  and  measured  tempera- 
tures. The  pre-flight  resistance  measurements  showed  that  thermocouples  A7  (bonded  in  position) 
and  A3  and  C3  (peened  in  position)  were  in  good  electrical  (hence,  thermal)  contact  with  the  nosetip 
prior  to  the  flight.  Thermocouples  A2  and  C2  were  not  in  electrical  contact  with  the  tungsten  when 
the  vehicle  was  assembled  for  flight  (although  they  had  been  in  contact  before  the  bond  cured).  Con- 
sequently, the  physical  separation  behveen  the  junctions  of  A2  and  C2  and  the  tungsten  surface  appar- 
ently was  due  only  to  the  very  slight  expansion  that  the  bond  undergoes  during  curing. 

To  provide  an  economical  method  for  evaluating  the  influences  of  recession  and  diffusivity, 
the  nosetip  was  idealized  as  a one-dimensional  slab  with  constant  diffusivity'.  It  was  found  that  the 
temperature  histories  predicted  by  the  two-dimensional  NOSEC  analysis  for  thermocouples  A2,  .A3, 
C2,  and  C3  could  be  matched  quite  accurately  using  the  one-dimensional  analytical  solution  of  Ref- 
erence 41.  This  one-dimensional  method  predicts  higher  tcmpcratiures  than  the  NOSEC  analysis  for 
thermocouple  A7  at  the  back  surface  of  the  nosetip,  but  this  is  felt  to  be  due  primarily  to  the  fact 
that  the  one-dimensional  solution  ignores  the  presence  of  the  tantalum  holder,  while  the  NOSEC  anal- 
ysis includes  it.  A summary  of  the  one-dimensional  model  is: 


Physical  Model: 
Material  Properties: 


Boundary  Conditions: 


2. 32-inch  thick  slab 
K = 0.025S  Btu/ft-sec-°R 
Cp  = 0.0290  Btu/lb-®R 
P = 1192  Ib/ft^ 
a = K/PC 

= 0. 000747  fr/sec 
T(x)  = 700f  (t  = 0) 

T(x  = 2. 32)  = {iOOOOF  (t  > 0) 
Adiabatic  surface  at  x = 0 
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Figure  lOS  shows  the  one-dimcnsioual  model  superimposed  on  maps  of  tlie  isotlicrms  predicted  witli 
the  NOSEC  code.  It  is  seen  that  the  one-dimensional  model  appears  to  provide  a reasonable  physi.^al 
representation  of  the  NOSEC  model,  and  it  is  noted  that  the  heat  conduction  predicted  by  ti>e  NOSEC 
code  is  very  nearly  one-dimensional  during  the  latter  portions  of  the  flight,  as  illustrated  in  Fig- 
ures lOS  (b)  and  lOS  (c). 

To  examine  the  sensitivity  of  the  thermocouple  responses  to  clianges  in  recession,  tlie 
temperature  histories  at  the  thermocouple  locations  predicted  by  tlio  one-dimensional  mo<iel  were 
calculated  for  slabs  0.25  inch  and  0.50  incli  thicker  than  the  nomhial.  Note  Uiat  if  those  tlifferential 
thicknesses  were  applied  to  the  stagnation  point  recession,  they  would  represent  reductions  in  re- 
cession of  17.5  percent  and  35  percent,  respectively.  Figures  lOD  througii  111  compare  the  NOSEC 
two-dimensional  predictions,  tiic  measured  temperatures,  and  the  one-ciimensional  predictions  for 
the  three  slab  thicknesses.  It  is  seen  that  the  onc-diracnsional  temperature  predictions  matcii  tlie 
measured  temperatures  quite  well  for  the  analysis  in  which  the  slab  was  incrcaseti  in  thickness  by 
0.25  inch.  (It  also  should  be  noted  that  the  one-dimensional  results  are  in  generally  go»x!  :;gree<nent 
with  the  two-dimensional  results  for  the  nominal  thickness.) 

To  examine  the  sensitivity  of  the  thermocouple  responses  to  clianges  in  iliffusivity,  tlic 
thermocouple  histories  predicted  by  the  (•nc-dimcnsional  motiel  were  calculated  for  diffusivities 
17.5  and  35  percent  lower  than  the  nominal  value.  Figures  112  through  11-1  compare  the  NOSEC 
predictions,  the  measured  temperatures,  ;md  the  one-dimensional  predictions  for  the  three  diffu- 
sivities.  It  is  seen  that  the  one-dimensional  temperature  predictions  match  the  measured  tempera- 
tures quite  well  for  the  analysis  in  wliich  the  diffusivity  was  35  percent  lower  than  nomimil. 

Thus,  it  has  been  shown  that  the  temperature  histories  can  be  matciied  either  by  assuming 
a 17. 5 percent  reduction  in  nosetip  recession  or  by  a 35  percent  reduction  in  diffusivity  by  using  a 
one-dimensional  idealized  model  witli  an  effective  length  and  diffusivity  chosen  to  best  match  the 
NOSEC  predictions.  Due  to  the  well-documented  and  regular  behavior  of  the  diffusivity-  of  solid 
tungsten,  a 35  percent  error  in  diffusivity-  (averaged  over  all  temperatures)  appeai-s  unlikely.  Con- 
sequently, it  is  concluded  that  the  ablation  model  used  in  the  NOSEC  c«'.c  o\c-rpre(iicte«i  tl»e  recession 
by  a factor  on  the  order  of  17. 5 percent.  TIds  overprcdiction  could  be  due  to  any  one  of  several 
factors.  .Additional  amilyscs  and  data  correlations  would  bo  required  to  determine  the  sjjccific  cause 
(or  causes)  more  precisely. 

Figure  115  compares  the  axial  acceleration  history  predicted  by  the  coupled  nosetip 
ablation  and  sh.ipc  change  trajccton-  analysis  with  the  telemetry-  thita.  It  is  seen  tliat  the  agreement 
is  excellent.  To  show  the  influence  of  shape  and  weight  change  on  tlrag,  this  trajectory-  was  i Ccal- 
culatcd  for  a vehicle  with  constant  (initial)  shape  and  weight.  It  can  be  seen  in  Figure  115  that  this 
calculation  underprcdicts  Uic  drag  by  nearly  30  percent  and  results  in  a predicted  impact  time  nearly 
onc  second  early.  Tliis  comparison  tends  to  verify  the  ablation  and  sliape  change  techniques  used. 

Note  that  the  analysis  of  the  thermocouples  on  the  tungsten  tip  indicated  that  recession  probably  was 
slightly  overprctlictcd.  The  fact  that  ix*ak  drag  also  is  slightly  overpreilictetl  supports  this  conclusion. 

-1.2,2  Heatshicld  Performance 


Tl>e  forcbody  licatshield  (forwartl  of  vehicle  station  10.  (59)  was  FM  5055A  carbon  phenolic 
witli  a 20-tiegroc  (aft-facing)  wrap  angle,  and  it  was  «lcsigned  .and  f.abricatetl  by  PDA.  The  monolithii. 
nosetip  assembly  showing  the  heatshicld  configur.ation  is  presentetl  in  Figure  S4.  The  heatshicld  was 
instrumented  with  sL\  in-depth  thermocouples  and  tw-o  he.atshicld. 'substructure  Iwntlline  thermocouples. 
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Figure  115.  Axial  acceleratiCRi  history  corrclatioD. 

The  tbermocoiqple  types  and  positions  arc  shown  in  Figure  S4.  Thermocouples  Bl.  B2.  Dl,  and  D2 
were  tungsten/toi^ten-26  rhenium,  sheathed  in  0.003-inch  diameter  (outside  diameter)  tantalum 
tubing;  thermocoiqiles  B3  and  D3  were  Chromel-Alumel,  sheathed  in  0.032-iDch  diameter  steel  tubing; 
and  thermocoiqiles  A5  and  A6  were  glass-wraiqied  Chromel-Alumel. 

The  in-depth  heatshield  thermocouples  were  installed  so  that,  from  the  junctions,  a mini- 
mum of  0.35  inch  of  lead  wire  was  located  in  an  isotiiermal  zcoe.  This  was  done  to  minimize  tem- 
perature differences  between  the  junction  and  the  heatshield  induced  by  heat  conduction  aloi^  the  lead 
wire.  The  thermocouples  were  installed  by  cutting  the  heatshield  along  th?  ply  direction,  running 
the  lead  wire  aloi^  the  plies  to  the  desired  radial  position,  and  then  making  a 90-degree  bend  and 
routii^  the  lead  wire  circumferentially  (at  a cmistant  vehicle  radius)  so  that  the  junction  was  a mini- 
mum of  0.35  inch  from  the  90-d^ree  bend.  Figure  116  is  a sketch  showii^  tiic  rouHi^  the  lead 
wires.  After  ttie  thermocouples  were  installed,  a matii^  aft  heatshield  was  bonded  to  the  forward 
heatshield.  This  installaticm  method  was  selected  over  a thermocoiqile  pli^  assembty  since  plt^s 
cause  interruptions  in  the  plies  which,  in  turn,  can  induce  vortex  shedding  and/or  a^ravated  ablation 
at  vehicle  positions  near  the  pli^.  biscrting  thermocouples  alo^  the  plies  does  not  cause  interrup- 
tions in  the  plies,  and  flie  metiiod  does  not  induce  aggravated  ablation  (Reference  2). 

The  tungstmi  nosetip  and  a portico  of  the  fordiody  heatshield  were  covered  with  a teflon 
^ove.  The  teflon  glove  was  designed  to  bum  throi^  at  35  kft.  The  teflon  glove  and  its  positiim 
relative  to  the  in-deptii  thermocouples  arc  shown  in  Figure  116.  As  can  be  noted,  thermocoiqiles  B2, 
B3,  and  D3  lay  beneatii  the  teflon  glove  and  arc  insulated  from  direct  aerodynamic  heatix^  prior  to 
glove  removal. 

A one-dimensional  charring  ablation  analysis  was  performed  at  the  vehicle  statiim  corre- 
sponding  to  the  location  of  thermocouples  B1  and  D1  (sec  Figure  116)  using  the  PDA  Ablation-Coaduc- 
tion-Erosicn  (PACE)  computer  code.  The  heatshield  thermal  properties  used  in  the  analysis  arc 
presented  in  Table  25.  All  properties  except  the  char  conductivity  arc  the  same  as  those  used  in 
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Fisarc  116.  HEARTS/ERN  solid  noselip  bcatshicld  therniocoiipic  locations. 

Tbe  comecttvc  boncduy  condttiaiis  used  in  Uic  hratslarld  analysis  were  obtained  from 
the  NQsctip  HcaRng  And  REcessioa  (NOHARE)  code  for  the  aodal  location  of  Oiermocoaples  B1  and 
D1  ^tattoo  12.99).  lliese  confiiions  nere  used  to  predict  the  response  of  all  six  faeatshield 
couples.  The  trajectoiy  need  in  the  calculations  was  obtained  from  Rtderence  44  and  is  fflestrated 
in  Fipoe  117.  BonndaTy  lagrer  transitiert  was  assamed  to  ocenr  aKcordIns  to  Uic  roughness-modified 
”LORN”  transition  criterion  described  in  Reference  2,  nsiqg  a characteristic  rea^mess  hc^ht  of 
0.0001  inch  for  laminar  flow.  Roagtncss-aiqpncnted  beating  was  used  for  botii  laminar  and  tnrbolcnt 
flow.  The  tnrbdlentflowsarfaceroagiaKsscodd  be  of  either  Ottaifornily  (fistribnied  9.C.,  s»d- 
graiii)  Qrpe  (witti  a maximnm  be^it  of  0.002  imA)  or  Uk>  scalkp  ^pe  of  sarCace  patterns. 


Table  25.  Thermal  properties  of  cai'bon  phenolic. 
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As  can  be  noted  in  Figure  116,  thermocouples  U1  tmd  D1  are  positioned  just  tft  of  the 
teflon  cap.  At  this  station  It  is  anticipatctl  that  the  flow  will,  be  sepai  ated  mid  the  convective  heating 
prior  to  cap  removal  will  correspond  to  separated  cavity  hcatbig  indui.  jti  by  a rcarwtird-facing  step. 
To  model  tlio  sepiu'atod  cavity  hoatbig,  tlic  correlations  of  Uofcrenco  45  were  used  to  correct  the 
attached  flow  predictions  from  the  NOHAUL  code.  The  correlations  of  Uefercnce  45  are  summarized 
in  Figure  118,  where  the  ratio  of  tlio  sepiu'atcd  flow  heat  transfer  coefficient  (H)  to  the  attached  flow 
coefficient  (HqI  is  presented  as  a function  of  tlio  downstream  distance -to-stop  height  ratio  pC/Z). 

The  convective  heating  at  station  12.99  prior  to  cap  removal  was  computed  with  the  NOHARE  code  by 
modeling  the  tof.  m cap  ablation  in  the  vicinity  of  the  thermocouples.  Tlio  teflon  configuration  and 
a’.'latlon  properties  used  In  tlio  miulysos  were  described  in  Section  4.2.1.  Tlic  instantaneous  teflon 
cap  thickness  (Z)  mid  attached  flow  heating  coefficient  (Hq)  wore  used  in  conjimction  with  Figure  118 
to  find  the  separated  How  heating  coefficient  (H).  The  predicted  teflon  thickness  (Z)  history  is  pre 
sonted  in  Figure  llj.  Tlio  resulttmt  convective  heating  condition  computed  for  tlio  lioatsliield  station 
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The  predicted  licatshiold  surface  and  char  front  recession  histories  are  presented  in 
Figuro  121.  Tlic  tohil  surface  ablation  depth  at  vohiclo  station  12.99  inches  is  predicted  to  bo 
approximately  0.042  inch.  The  predicted  hoatshiold  tomporaturo  response  histories  ai*e  compared 
witli  flight  data  in  Figure  122.  Tim  agreement  between  the  measured  and  computed  temperature 
histories  is  seen  to  bo  reasonably  good  at  the  three  thermocouple  depths. 


Figure  121.  Computed  heatshieid  surface  recession  and  char  deptli 
histories,  HEAHTS/ERN  U/V  100.  Station  12.99. 


Flgxiro  122.  Comparison  of  mcasureii  and  computeti  heatshieid  tempera- 
ture histories.  HEAHTS/EUN  UA^  100,  SUUion  12.99. 
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Thermocouples  A5  and  AC,  both  of  which  measure  heatshield-to-substructure  bondline 
temperatures,  did  not  measure  any  temperature  change  during  flight.  Thermocouple  A3,  which  is 
on  the  tantalum  holder  below  thermocouples  B2  and  B3,  reached  a maximum  temperature  of  450®F 
during  flight.  Comparing  the  in-flight  responses  and  positions  of  thermocouples  B3  and  D3  (neither 
of  which  showed  any  significant  temperature  rise)  with  A3,  it  is  concluded  that  A3  was  heated  con- 
ductivcly  from  the  tungsten  nosctlp  rather  than  by  conduction  through  the  heatshield.  From  the 
responses  of  these  thermocouples,  together  with  the  computed  results  of  Figure  121,  it  is  concluded 
that  the  heatshield  maintained  the  substructure  at  temperatures  well  below  their  upper  operating 
temperature  levels  (~3000®F  for  tantalum  and  ~1500®F  for  Mallory). 


5.0  FLAME/ERN  DESIGNS 

The  last  step  in  the  evaluation  of  tungsten  nosetips  at  sub-ICBM  conditions  was  a series 
of  two  flight  tests  on  FLAME  (Fighter-Launched  Advanced  Materials  Experiment)  vehicles.  FLAME 
is  an  aircraft-launched  vehicle  consisting  of  a two-stage  rocket  and  a payload  (i.e. , "reentry"  vehi- 
cle) . The  assemblies  were  launched  supersonically  from  F-4  aircraft  at  altitudes  of  approximately 
60  kft.  The  rockets  then  boosted  the  payload  to  a peak  velocity  of  around  14,000  ft/sec  at  altitudes 
of  35  - 40  kft,  thereby  providing  reasonably  good  simulation  of  the  low  altitude  portion  of  reentry 
flight  (Reference  46).  The  payload  was  designed  (Reference  47)  so  tliat  portions  of  the  vehicle,  in- 
cluding the  nosetip,  could  be  recovered  intact  for  post-flight  examination  and  evaluation. 

One  monolitliic  tungsten  nosetip  and  one  segmented  tungsten  nosetip  wore  designed,  built, 
and  flight-tested  in  the  FLAME  program.  Both  nosetips  were  of  the  same  external  shape,  as  shown 
in  Figures  123  and  124.  The  Initial  spherical  nose  radius  was  0.60  inch,  the  cone  half-angle  was 
9.3  degrees,  and  the  tungsten  overhang  length  was  3.25  Inches.  Botli  nosetips  were  made  from 
3.0-inch  diameter  extruded  billets  of  2 percent  thoriated  tungsten,  as  described  in  Sections  5. 1.2. 1 
and  5. 1.2. 2.  No  thermal  instrumentation  was  used  on  the  segmented  nosetip,  while  the  monolitliic 
design  contained  only  a compression  wave  pulsc/echo  type  of  acoustic  recession  sensor. 

The  following  paragraphs  summarize  tlie  thermal  and  structural  design  analyses  of  tlie 
two  FLAME/ERN  configurations  and  briefly  summarize  the  flight  results. 

5.1  DESIGN  ANALYSES 

5.1.1  Thermal  Analysis 

The  thermal  response  of  the  two  FLAME/ERN  designs  illustrated  in  Figures  123  and  124 
was  predicted  for  use  in  the  structural  design  calculations  (Section  5. 1.2).  Tlie  calculations  assumed 
a clear  air  environment  and  used  the  design  ti  ajcctory  illustrated  in  Figure  125.  The  ti'ajcctory 
assumed  ballistic  flight  to  impact,  although  it  was  planned  to  initiate  the  recovery  sequence  at  an 
altitude  of  approximately  16  kft. 


All  of  the  assumptions  .•md  methods  used  to  compute  the  thermal  response  of  the  nosetips 
were  the  same  as  described  previously  (Section  4. 1. 1)  for  Uie  IIE.MITS/ERN  nosetips.  The  two- 
dimensional  nodal  networks  used  to  represent  the  nosetips  are  shown  in  Figures  126  and  127  for  the 
solid  and  segmented  designs,  respectively.  As  with  the  IIE.AHTS  designs,  two  limiting  thermal 
models  were  used  to  describe  heat  conduction  in  the  segmented  nosetip.  In  the  first  model  (Fig- 
ure 127  [a])  perfect  tlicrmal  contact  was  assumed  between  all  components.  This  model  is  equivalent 
to  the  solid  iiiocicl  network  (Figure  126) , with  the  exception  of  the  slightly  different  tantalum  10  percent 
tungsten  holders  used  to  attach  the  nosetips  to  tlie  aft  structure.  In  the  second  model  (Figure  127  [b]), 
all  of  the  segments  arc  in  perfect  thermal  contact,  and  this  scgnient  assembly  was  considered  to  be 
perfectly  insulated  from  the  center  retention  stud.  Thus,  raiiiation  was  the  only  mode  of  he.'it  trans- 
fer between  the  segments  and  the  stud  in  this  thermal  model.  This  second  network  model  was  believed 
to  be  more  representative  of  .actu.al  conditions  since  tlie  segments  arc  maintained  in  .axial  compression 
throughout  tlie  flight,  but  arc  free  to  cxp.and  or  move  relative  to  the  stud. 

Originally  it  was  intended  that  tlie  FLAME/ERN  tungsten  nosetips  would  bo  covered  with 
teflon  gloves,  similar  to  the  HEARTS/ERN  designs,  slzc<I  to  burn  througli  ami  provide  sudden  expo- 
sure of  the  tungsten  at  35  kft.  Because  of  this  requirement,  the  nosetip  tiesign  calculations  assumed 
a uniform  initi.al  temperature  of  70®F  at  35  kft.  Although  it  later  was  decided,  because  of  the 
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Figure  127.  Thermal  nodal  networks  for  segmented 
FLAME/ERN  nosetip. 


comparatively  mild  (relative  to  conventional  reentry  flight)  "high  altitude"  flight  environment,  that 
it  was  not  necessary  to  use  the  teflon  glove,  the  analysis  was  not  repeated  using  the  extended  heating 
period.  It  was  believed  that  the  assumption  of  sudden  exposure  at  35  kft  provided  a conservative 
boundary  condition  for  the  thermostructural  response  calculations. 

The  computed  nosetip  recession  profiles  at  various  altitudes  are  shown  in  Figiure  128. 

These  profiles  are  essentially  identical  for  jill  three  analytical  models,  since  the  surface  recession 
histories  are  nearly  independent  of  differences  in  the  internal  heat  conduction  paths.  The  corre- 
sponding stagnation  point  axial  recession  history  is  shown  in  Figure  129.  The  computed  histories 
of  the  internal  temperature  distributions,  surface  pressure  distributions,  and  e.\temal  shapes  for 
the  three  cases  were  output  on  magnetic  tapes  for  direct  input  to  the  structural  analysis  codes 
(Section  5. 1.2). 

Since  the  FLAME  nosetips  were  to  be  recovered,  additional  design  analyses  were  per- 
formed to  evaluate  the  adequacy  of  the  nosetip  retention  structure  during  Ibe  recovery  deceleration 
loads  and  during  water  soak  following  splashdown. 

Initiation  of  the  recovery  sequence  was  planned  to  occur  at  an  altitude  of  16  + 4 kft. 
Therefore,  the  initial  nosetip  shape  and  temperature  distribution  for  this  phase  of  the  flight  were 
taken  from  the  results  of  the  preceding  "reentry"  calculations  at  an  altitude  of  12  kft.  This  should 
represent  a worst-case  condition,  since  it  provides  the  maximum  aerodynamic  heat  input  prior  to 
recovery  initiation.  A two-dimensional  nodal  network.  Illustrated  in  Figure  130,  was  constructed 
to  represent  the  nosetip  shape  at  12  kft.  This  shape,  a.  ‘h  the  initial  temperature  distribution 
and  temperature-depdndent  material  properties,  were  inpu.  . the  NOSEC  computer  code  (Reference  7). 
The  thermal  response  of  the  nosetip  assembly  then  was  calculated  by  allowing  the  temperatures  to 
equilibrate  with  surface  radiation  as  the  only  mode  of  heat  transfer  (i.  e. , convective  cooling  was 
ignored). 


Figure  128.  Computed  FLAME/ERN  tungsten  nosetip  ablation  profile  history. 
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A similar  procedure  was  used  to  predict  the  temperature  response  following  splashdown. 
For  this  case,  the  surface  nodes  were  assigned  a constant  temperatare  of  50°F  to  simulate  the  exter- 
nal environment  (infinite  heat  transfer  coefficient  between  the  water  and  the  tungsten).  The  nosetip 
was  then  allowed  to  equilibrate  to  this  50®F  temperature  condition. 

The  computed  temperature  histories  at  several  critical  locations  in  the  shank  interface 
region  are  illustrated  in  Figures  131  and  132.  The  temperature  response  along  the  surface  of  the 
tungsten  shank  is  presented  in  Figure  131,  while  the  temperatures  in  the  tantalum  holder  are  shown 
in  Figure  132.  These  results  were  stored  on  magnetic  tape  for  use  in  the  structural  design  analyses 
described  in  the  following  section. 


5.1.2 


Structural  Analyses 


Analyses  were  performed  to  compare  the  relative  thermostructural  responses  of  the  two 
tungsten  nosetip  design  concepts.  Of  particular  interest  was  the  isolation  of  potential  thermostruc- 
tural failure  modes  of  the  nosetip  segments  and  the  stud  in  the  segmented  concept  and  the  sensitivify 
of  failure  predictions  to  heat  conduction  boundary'  condition  assumptions.  The  segmented  design  was 
intended  principally  as  an  experiment  for  determination  of  ablation  characteristies  on  the  segmented 
boundary.  The  nosetip  was  not  optimized  for  thermostructural  response  and,  consequently,  compari- 
sons of  failure  probabilities  between  the  segmented  and  monolithie  (solid)  designs  may  not  be  indica- 
tive of  the  relative  thermostructural  performance  of  the  segmented  concept. 

In  addition  to  thermostructural  analyses,  calculations  of  the  probabilities  of  failure  of 
the  two  nosetips  in  modes  specifically  related  to  the  FLAME  recovery  experiment  were  conducted. 
These  potential  failure  modes  included  interface  mechanical  loading  on  segments  and  tensile  loads 
on  the  stud  attachment  resulting  from  recovery  deceleration.  The  shrink-fit  attachment  of  the  mono- 
lithic design  was  checked  for  pull-out  resistance  during  the  period  of  vehicle  deceleration,  parachute 
descent  (with  coincident  heat  soak),  and  the  splashdown  condition  where  rapid  cooling  would  occur. 


Figure  131.  Predicted  temperature  histories  in  FLAME/ERN 
solid  nosetip  during  recovery,  tungsten  shank. 
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Figure  132.  Pre<iicte(i  tcmperatui  c histories  in  FLAME  ■'FUN  solid 
nosctip  during  rccovcn-,  tantalum  holder. 

The  design  trajectorj’  was  shown  in  Figure  125  for  ballistie  flight  from  second  stage 
burn-out  to  impact  (no  recovciy).  The  entire  trajceto!^-  was  cvaluate<i  for  thcrmostractural  response 
to  dctcrinine  if  the  most  critical  response  would  occur  above  the  intended  upper-bound  rccoveni'  ini- 
tiation altitude  of  about  20,000  feet.  Parachute  deplo|v-ment  'vas  programmed  for  12,00{*  feet.  Maxi- 
mum deceleration  loading  during  recovery  was  estimated  to  be  ISO  g's  at  20.000  feet. 

5. 1.2.1  Monolithic  Design 


The  monolithic  nosetip  (Figure  123)  was  fabricated  from  a 3-inch  diameter  axtrudeti  billet 
of  2 percent  thoriated  tungsten.  The  mechanical  and  physical  prc^itics  necessarj-  for  thermostrue- 
tural  analyses  arc  given  in  References  2,  20,  an«i  21.  The  ductile-brittle  transition  temperature 
(DBTT)  was  assumed  to  be  -100°F,  based  on  the  available  test  data  (Reference  201. 

TNvo-dimensional  finite-clement  stress  analyses  were  performed  to  determine  instantane- 
ous stress  distributions  in  the  tungsten  nosetip.  The  analyses  used  the  ablated  shapes  and  internal 
temperature  distributions  as  functions  of  altitude  as  predictcii  by  the  preceding  thermal  analj’ses. 

The  minimu.m  margins-of-safefy  of  material  in  the  brittle  zone  (at  temperatures  below 
the  DBTT)  are  plotted  in  Figure  133  as  functions  of  attitude.  The  figure  also  shows  that  the  minimum 
margins  occur  on  the  centerline  and  prt^ress  aft\\-ard  as  the  nosetip  ablates  and  heat  soaks  in  the 
axLal  tiirection.  The  stress  states  and  temperatures  of  critical  elements  at  representative  altitudes 
are  given  and  show  that,  in  all  cases,  the  largest  stress  component  is  the  a.xial  st»  ess.  However, 
the  extrudeti  billets  arc  transversch'  isotropic  and  the  critical  stresses  in  the  monolithic  nosetip  are 
the  equal  biaxial  hoop  and  radial  stresses. 
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Figure  133.  Minimum  brittle  margins-of-safefy 
in  FLAME/ERK  solid  nosetip. 


A Dooconserx-ative  factm-  in  the  therraotstziictnral  ana^sis  was  the  lack  of  recognition 
of  volume  cSbets.  In  the  monolithic  noset^,  considerably  larger  volnmes  of  brittle  material  arc 
stressed  than  in  the  biaxial  flexure  ^Kcimcns  used  for  derxvatioa  <rf  the  faflure  critcricc  (««er- 
cnccs  2 and  20).  Consequently,  the  margins-c^-safe^'  for  the  design  nm*  be  signiflcantly  lower 
than  those  shown  in  Figure  133. 

3. 1.2.2  Segmented  Design 

Hie  sf^mented  nosetip  design  is  shown  in  F^rc  124.  The  stud  was  machined  from  a 
3-inch  diameter  extruded  billet  of  2 percent  thoriatcu  tui^stcn.  The  segments  were  machined  from 
blanks  which  were  c(MCd  from  short  iqiset-forgu^s  of  lengths  of  tboriated  tm^sten  extrusions.  In 
this  manner,  a more  desirable  grain  structure  givii^  better  in-plane  strm^th  properties  was  obtained  | 

in  the  st^ments.  j 

I 

Two  coupled  ablation  beat  transfer  analyses  were  conducted  with  the  PDA  XOSHC  code. 

.As  described  in  Section  3. 1. 1,  the  first  ease  assumed  perfect  thermal  contact  at  each  internal  bound- 
ary between  segments  and  between  the  segment  stack  and  the  stud.  The  secood  ease  as^mt-d  no 
thermal  contact  between  the  stud  and  the  segments  whfle  rctainii^  perfect  coutact  between  segments. 

The  latter  ease  is  jw^od  to  best  represent  rcalite  because  the  segments  do  expand  awmr  from  the 
stud  due  to  thermal  gradients.  The  degree  of  thermal  contact  between  segments  is  of  lcs;«a-  impor- 
tance because  the  principal  dircctiou  of  beat  flow  is  essentially  parallel  to  the  segment  boundaries. 

That  is.  tlm  isotherras  arc  nearly  normal  to  the  segment  surfaces  and  little  beat  is  transd^erred 
across  scgmoit  boundaries,  regardless  the  actual  thermal  resistance. 
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Tho  rt'SuUs  of  tho  flnlto-oloiuont  UtormoHlriictunil  iiiuilyHOH  arc  nlvon  in  FlgurcH  IIM 
through  la?,  whoro  U\o  minimum  procllctod  margliiH-of-safely  ni*o  plotted  an  fuaotlonti  of  altlludv. 

TIk'  minimum  marglna  In  Urn  atud  arc  not  ul'footud  Hlgntflcantly  by  Urn  degree  of  Uiermal  contact 
at  the  .segment  boundary  until  tho  critical  element  hua  moved  nenr  Ute  atatlon  of  Uto  forward  HCgmeat. 
After  this  occurs,  tlm  case  with  no  thermal  contact  offeotlvoly  Isolates  tlte  stud  from  U«c  largo  radial 
tiu'rmal  gradients  and  tlio  probability  of  thermal  Htross  failure  beeomes  very  low. 

Tho  marglns-of-safoty  of  Um  segments  are  affected  more  significantly  by  thermal  con- 
tact at  tl\e  stud  boundary.  As  shown  in  Figures  13(5  and  137,  U\o  envelope  of  minimum  margins  Is 
reduced  by  Uie  assumption  of  no  thermal  contact.  This  results  from  tho  stud  soaking  heat  away 
from  the  segments  and,  thus,  Incrcasbig  tho  radial  thermal  gradient  In  each  Individual  segment. 

Tl\e  tlicrmostructural  analysis  of  tlie  segmented  nosetlp  Is  conservative  In  two  ImporUint 
aspects.  First,  Urn  strongtli  properties  of  largo-diameter  (3  Inch)  extrusions  wore  used  for  Ute 
failure  jmalysls.  As  discussed  In  Section  3. 1,  It  Is  believed  that  very  largo  Improvements  In  strongUi 
!U\d  UHTT  characteristics  will  re.sult  from  forgbtg  and  coining  segments  In  tho  manner  used  to  pro- 
duce the  FLAMK  components.  Secondly,  the  volume  of  stressed  material  Is  much  lower  In  tho  atud 
and  segments  titan  In  tho  monollUtlc  nosetlp.  In  spy  brittle  material,  Ute  volunto  effect  la  significant, 
with  smaller  components  having  lower  probabilities  of  failure  than  largo  components  with  Uto  s/iitto 
applied  stress  level. 

.').1.2.3  Structural  Uosponao  to  Recovery  Loads 

Monolithic  Design 

During  Uto  recovery  phase  of  the  flight  tost,  the  tuitgston  nosetlp  was  roUtlncd  by  Ute 
shrlnk-flttod  Uintalum-lO  percent  tungsten  alloy  sleeve.  Tho  sleeve  was  originally  shrunk  onto  the 
Uutgsteii  shank  wlUt  a 0. 0028-Inch  minimum  Interference  fit.  This  condition  prwlucod  clamping 
pressures  at  Uto  Interface  wltlch,  when  comblnetl  with  a reasonable  estimate  of  Uto  friction  coefficient, 
provided  an  estimated  resistance  to  pull-out  of  0000  lbs.  In  this  condition,  tho  ittaxlmum  hoop  stress 
In  the  Umtitlum  sleeve  was  ealculatod  to  bo  55,000  psl. 

The  critical  load  for  nosetlp  retention  was  evaluated  at  Uto  recovery  litUlatloit  altitude 
by  taking  Into  account  the  temperatures  In  Ute  components  at  Utat  time.  Some  reduction  of  clamping 
pressure  due  to  thermal  c.xpanslon  differences  between  Uto  Utitgsten  and  UtnUtlunt  components  occurred 
rolaUve  to  the  original  assembly  coitdltlon,  but  tho  critical  pull-out  load  was  stQl  5500  lbs.  This 
provides  a capablllly  to  withstand  about  000  g's  luxlnl  decoloration.  Tho  ittaxlmum  estimated  decel- 
eration for  tho  recovery  phase  was  180  g’s.  Indicating  a largo  positive  safely  ntargln. 

Calculations  of  Uto  tomperaturo  distributions  In  tho  atUtchment  region  durlttg  paraeltulc 
ilesccttt  indicated  the  shank  and  tantalum  sloovo  would  soak  out  to  about  M60^F,  as  Illustrated  In 
Figures  131  and  132.  Consideration  of  Uto  free  Utcrmal  expansion  behavior  of  tho  two  metals  Indi- 
cated that  the  shrlnk-flt  preload  decays  to  r.oro  ns  tho  tompornture  of  tho  sleeve  and  shank  rises 
unlforntly  to  IHOO^F.  Tho  computed  free  thermal  strains  of  the  two  materials  (Uoforencos  '18  and 
'19)  are  shown  In  Figure  138  with  the  tantalum  offset  by  Uto  amount  of  Uto  shrlnk-flt  Inlorforonce. 

Tho  tomperaturo  across  the  attachment  was  assumed  to  bo  unlfornt  because  of  the  relatively  long 
soak  pcrlml  during  parachute  descent  imd  booause  of  Uto  InUmnte  thermal  conUtet  between  Ute 
components. 
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Figure  136.  Minimum  brittle  marglnf.  of-safety  in  segments,  FLA^iE/KUN 
segmented  nosetlp  with  gooil  thermal  contact. 
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Figure  137.  Minimum  brittle  marglns-of-safefy  in  segments,  FI.AMK/EltN 
segmented  'losetlp  with  no  thermal  conUict. 
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Figure  138.  Free  thermal  sti’aln  inclucliug  initial  room 
temperature  shrink  interference  sU'ain. 


As  a result  of  tlic  soak-out  analj'sis  mid  consideration  tliat  tlic  tungsten  shank  may  cool 
much  faster  tlian  tlic  tantalum  sleeve  after  splashdown  in  the  originally  planned  watei  recovery , the 
design  was  modified  to  add  two  retention  pins  tlirough  the  sleeve  and  shank. 

Segmented  Design 

Axial  deceleration  causes  inertial  loading  of  tlie  segment  stick  against  the  forward  seg- 
ments. This  loading  tends  to  push  tlic  segments  up  the  tipercd  stud,  thereby  causing  a lioop  tension 
sti'ess  at  tlie  segment  internal  diameter.  A finite-element  analysis  was  conducted  to  determine  the 
magnitude  of  this  stress.  The  segment  was  modeled  witli  a uniform  pressure  on  the  aft  surface 
representing  tlic  inertia  of  tlie  segment  stick  aft  of  tliat  location.  The  load  was  reactetl  by  combined 
pressure  ;md  shear  at  tlie  inside  diameter  representing  friction  and  pressure  loading  on  the  stud. 
The  analysis  included  tcmpcratircs  at  the  initiation  altitude.  The  resulting  critical  sti-esscs  are: 

<r  = 2310  psi 
= 13090  psi 
a = 1370  psi 
<r  -110  psi 


at  a temperature  of  3000<’F.  Since  tlie  critical  clement  is  iluctile  (temperature  above  Uie  DBTT), 
the  von  Mises  failure  criterion  was  used  along  witli  tensile  sti’cngtli  data  at  Uie  critical  temperature 
(Ucferencc  20).  The  resulting  margin-of-safefy  was  determined  to  be  95  percent. 


Margins-of-safofy  were  also  calculated  for  tl>e  tlireaded  stud  attaelunent.  The  stud  is 
retained  at  the  aft  end  by  a tlireaded  sleeve  which  bears  against  a spring  washer.  The  washer  allows 
the  stud  to  move  forward  to  accommodate  tliermal  expansion  at  tlie  segment  stack  and  limit  the  iixial 
tensile  loads  in  tlie  stud.  However,  during  recovery  deceleration,  tlie  spring  washer  bottoms  out 
and  higher  loads  may  be  imposed.  These  loads  were  calculated  from  the  estimated  weight  of  tlie 
nosetip  at  recoveiy  and  the  anticipated  recovery  deceleration.  Sti*esses  In  the  tungsten  tlireads  and 
in  tlie  shank  were  calculated  including  a factor  of  2.0  on  the  loading  to  account  for  shock  dynamic 
effects.  Very  large  margins-of-safefy  were  determined  for  both  failure  modes. 

5. 2 FUGHT  TEST  RESULTS 

Botli  tungsten  nosetips  were  Qight-tested  suc.,essfully  on  FLAME  vehicles.  The  seg- 
mented design  was  flown  on  FLAME  Vehicle  F-003  on  28  March  1975  at  Wallops  Island,  Virginia. 

The  flight  occurrctl  hi  an  undefined  (i.  e. , no  measurements  were  made)  weather  environment  char- 
acterized by  low  altitude  clouds  and  rain.  The  burn-out  velocity  was  approximately  12,  SOO  ft/ sec 
at  an  altitude  of  41, 100  ft.  Payload  recovery  was  not  accomplished  because  of  an  ordnance  system 
malfunction  tliat  resulted  in  incomplete  removal  of  the  vehicle  centerbody  ballast  sections.  However, 
tlie  measured  axial  and  lateral  vehicle  acceleration  histories  prior  to  initiation  of  Uie  recovery  se- 
quence indicate<l  tliat  tlie  nosetip  performance  was  nominal  in  all  respects.  In  particular,  very  small 
lateral  accelerations  were  measured,  which  implies  sj'inmetrical  recession  of  Hie  nosetip.  The  axial 
acceleration  history  was  smooth  and  witliin  predicted  bounds,  suggesting  nominal  recession  witli  no 
removal  of  segments  or  otlicr  solid  material. 

The  inonolitliic  tungsten  nosetip  was  flight-tested  on  FLAME  Vehicle  F-005  on  3 June  19(55 
at  tlie  Tonopah,  Nevada  test  range.  The  flight  was  in  clear  air,  and  tlie  vehicle  reached  a maximum 
velocity  of  13,200  ft/scc  at  an  altitude  of  approximately  4(5,000  ft.  The  return  echo  from  tlie  com- 
pression wave  acoustic  sensor  disappeared  prior  to  burn-out  so  tliat  no  in-flight  recessivm  measure- 
ments were  obhiined. 

The  recovery  axperiment  was  completely  successful,  and  tlie  entire  nosetip  was  recovered 
intact  for  post-flight  examination  and  evaluation.  As  illusti-ated  in  tlie  photograph  shown  in  Figure  139. 
tlie  recovered  nosetip  had  a smooth,  rounded  shape  witli  no  evidence  of  scallop  patterns.  The  mcasureil 
total  axial  recession  of  the  stagnation  point  was  0.37  inch.  As  witli  the  inonolitliic  design  iliscussed 
previously,  tlie  vehicle  experienced  no  significant  anglc-of- attack  or  axial  acceleration  anomalies 
prior  to  initiation  of  the  recovery  sequence. 

A brief  analysis  was  performed  to  evaluate  tlie  recession  characteristics  (i.e. , total 
recession  and  shape)  of  tlie  recovered  tungsten  nosetip.  The  calculations  usetl  tlie  ilcriveil  flight  test 
ti’ajectory  (Table  2(5)  and  were  pcrformctl  with  the  NOHARE  cotio  (Reference  7)  using  tlie  same  metlioils 
and  assumptions  describetl  previously  for  tlie  design  analyses  of  the  HK.ARTS  and  FUAME  tungsten 
nosetips  (Sections  1. 1. 1 and  5. 1. 1).  The  only  parameter  varied  in  Uie  analysis  wa.s  tlie  assumed 
value  of  tlie  characteristic  laminar  surface  roughness  height,  whicli  is  useil  to  define:  1)  tlie  onset 
and  location  of  boundary  hiyer  transition  (:is  described  by  tlie  P.ANT  criterion.  Reference  37),  anil 
2)  tlie  roughness-augmented  laminar  heat  fliLX  (Reference  38). 

The  computeil  stagnation  point  recession  depth  is  presented  in  Figure  140  :is  :i  function 
of  tlie  assumed  laminar  roughness  height.  .Also  shown  in  Figure  1*10  is  tlie  measured  totiil  recession 
of  tlie  recovered  nosetip.  As  indicated,  agreement  between  tlie  measured  and  computeil  values  is 
achieved  witli  a laminar  rouglmcss  height  of  about  0.51  mil.  This  value  then  was  used  in  a NOHARE 
computer  code  calculation  to  compare  tlie  computeil  shape  witli  the  shape  of  the  recovered  nosetip. 


Figure  139.  Photograph  of  recovered  FLAME/ERN  nosetip. 


The  results  of  this  calculation  are  illustrated  in  Figure  141,  where  it  can  be  seen  that  agreement 
between  the  two  shapes  is  very  good.  Thus,  it  was  concluded  that  the  basic  methodologj'  used  to 
predict  the  recession  and  shape  change  histories  of  melting  tungsten  nosetips  is  adequate  for  use 
in  des^  calculations.  (Additional  verification  is,  of  course,  required  at  more  severe  flight 
conditions.) 


The  FLAME/ERN  flight  tests  also  provided  additimial  indirect  evidence  that  the  seg- 
mented construction  technique  does  not  cause  any  measurable  effect  on  the  surface  ablation  char- 
acteristics of  tungsten  nosetips.  Since  neither  design  was  expected  to  be  critical  thermostructurally 
in  the  FLAME  flight  environment,  additional  tests  in  more  severe  environments  are  necessary  to 
verify  the  improved  thermal  stress  resistance  of  the  segmented  design  concept. 


Table  26.  FLAME/ERN  flight  test  trajectory  F-005. 


TIME 

(SEC) 

VELCx:rrY 

(FT/SEC) 

ALTITUDE 

(FT) 

.000 

1000. 

60000. 

2.000 

2050. 

59500. 

4.000 

3200. 

58500. 

G.OOO 

4610. 

57000. 

8.000 

6210. 

55000. 

10.000 

7650. 

52200. 

11.000 

8000. 

50500. 

12.000 

10800. 

48750. 

13.200 

13200. 

46000. 

14.020 

12841. 

44000. 

14.820 

12459. 

42000. 

15.GG0 

12055. 

40000. 

16.520 

11627. 

38000. 

16.950 

11409. 

37016. 

17.430 

9815. 

36000. 

17.640 

9205. 

35600. 

17.980 

8322. 

35000. 

18.360 

7469. 

344  0, 

19.080 

6104. 

33400. 

19.970 

4850. 

32400. 

20.820 

39^2. 

31600. 

21.590 

3223. 

31000. 

6.0  TUNGSTEN  ABLATION  GAGE  DEVELOPMENT 

Design  of  a suitable  ablation  gage  for  obtaining  in-flight  recession  measurements  proved 
to  be  a major  problem  associated  with  the  development  of  erosion-resistant  nosetips  (ERN).  The 
susceptibility  of  tungsten  to  brittle  thermostructural  failure  precludes  the  use  of  concepts  requiring 
drilleti  holes  for  the  in-depth  insertion  of  sensors  or  radioactive  sources.  Moreover,  the  high  den- 
sity of  tungsten  severety  limits  the  potential  of  conventional  gamma-ray  backscatter  gage  concepts. 
The  one  concept  that  seemed  promising  initially  was  a pulse/echo  acoustic  ablation  gage. 

The  acoustic  gage  had  been  flown  successfully  on  a nu:  ■'.ber  of  vehicles  with  graphite 
nosetips  :md  tliere  seemed  to  be  no  theoretical  barriers  to  its  application  to  metals.  Thus,  despite 
some  anomalous  results  in  early  tests  with  tungsten,  it  was  decided  to  proceed  with  development  of 
the  gage  for  the  A.N.T./ERN  program  (Reference  2). 

Further  ground  and  flight  test  results  for  the  sensor,  however,  were  discouraging.  The 
shear  wave  mode  had  been  selected  initially,  based  on  sueccssful  ablation  tests  with  melting  stellite 
allqj'  subtips  in  an  erosive  rocket  motor  exhaust.  In  tungsten,  however,  the  echo  pulse  decayed  to 
the  noise  level  witiiin  about  0. 5 second  of  exposure  to  high  heating  rates.  little  or  no  improvement 
occurreti  after  a change  to  a pulse/echo  compression  wave  mode.  In  fact,  to  date,  no  successful 
measurements  of  tungsten  ablation  histories  in  ground  tests  have  ever  been  obtained  with  a pulse/ 
echo  gage. 


Because  of  the  early  problems  with  the  acoustic  sensors,  efforts  were  initiated  to  inves- 
tigate and  develop  altermite  sensor  concepts  for  tungsten.  radioactive  backscatter  sensor  utilizing 
neutrons  (which  are  not  attenuated  tungsten  as  readily  as  are  gamma  rays)  was  designeii  and  IcstetJ 
and  found  to  offer  a promising,  though  limited,  measurement  capability-  (Reference  2).  However,  the 
neutron  backscatter  gage  presented  difficult  safety'  and  handling  problems  and  requireti  more  develop- 
ment work  to  be  suitable  for  flight. 

In  the  present  stutty-,  two  additional  sensor  concepts  were  investigated.  One  of  tlie  con- 
cepts was  smother  ty-pc  of  acoustic  gage  that  measures  the  resonant  frequencies  in  the  nosetip  to  ob- 
tain an  indication  of  the  remaining  length.  The  second  concept  was  smother  radioactive  sensor  that 
uses  Bremsstrsihlung  radiation  to  activate  the  tungsten.  The  work  accomplished  in  the  development 
of  these  two  ablation  gages  is  summarized  in  this  section. 

G.  1 RESONANT  FREQUENCY  ACOUSTIC  ABLATION  GAGE 

The  first  ground  test  with  the  compression  wave  acoustic  sensor  occurred  as  an  add-on 
experiment  in  a scries  of  AFFDL  50  M\V  arc- jet  tests  of  segmented  tungsten  nosetip  concepts  (Sec- 
tion 3.2).  The  segmented  designs  all  includctl  a central  tungsten  stud  which  ran  axially  the  length 
of  Uie  nosetip  and  held  the  separate  segments  together.  The  stud  provide*!  the  continuous  acoustic 
path  required  bj-  the  sensor. 

In  planning  discussions  for  the  tests,  it  was  note*!  that  the  rod-like  geometn’  of  the  studs 
su^csted  a different  ty-pc  of  acoustic  sensor.  The  resonant  frequencies  in  a roti  arc  well  separate*! 
and  can  be  use*!  to  measure  length.  Furthermore,  the  low  frequencies  corresponding  to  the  reso- 
nances would  be  cxp<H:tcd  to  !mve  relatively  low  attenuation  coefficients.  Thus,  when  some  simple 
bench  tests  provtx!  promising,  it  was  decide*!  to  incorporate  a test  of  the  resonant  frequency  concept, 
along  with  the  compression  wave  pulse/<;cho  tests,  in  the  50  M\V  series. 


While  the  compression  wave  pulse/echo  signal  vanished  in  manner  similar  to  the  shear 
wave  signal  in  previous  50  MW  tests,  the  resonant  frequency  gage  provided  the  first  measurements 
of  tungsten  recession  ever  obtained  with  an  acoustic  ablation  sensor.  Thus,  it  was  decided  to  pro- 
ceed with  development  of  a flight-qualified  resonance  gage  for  A.N.T./ERN  nosetips. 

This  section  summarizes  the  current  development  status  of  the  K West  resonant  frequency 
ablation  gage  concept.  The  sensor  is  still  considered  a promising  solution  to  the  tungsten  ablation 
gage  problem,  particularly  for  segmented  tips. 

6. 1. 1 Concept  Description 


For  a simple  rod,  free  at  both  ends,  resonances  occur  when  the  rod  length  is  an  integral 
multiple  of  one-half  wave  length.  One  plQrsical  interpretation  of  this  fact  is  that  reinforcement  occurs 
when  return  waves  reflect  from  the  drive  end  boundary  in  phase  with  the  outgoing  driven  wave.  WTien 
the  reflections  at  both  rod  ends  are  of  the  same  fype  (zero  strain  type  for  free  ends),  a corresponding 
condition  is  that  the  round  trip  time  for  a stress  wave  be  an  integral  multiple  of  the  wave  period. 
Thus,  the  resonant  frequencies  ara 
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where  the  round  trip  time,  7^,  is  defined  by 


o 


dX 

CdlXj) 


(7) 


(8) 


where  L is  the  rod  length 

X is  tile  lei^th  coordinate 

C(T)  is  the  speed  of  sound  in  the  rod  as  a function  of  temperature. 

It  ma3'  be  noted  that  the  temperature  distribution  in  the  rod,  T(X),  must  be  known  to  evaluate  the 
int^ral. 


Conceptually,  a resonant  recession  gage  for  a rod  would  include:  1)  transmitter  and 
reciever  acoustic  transducers,  both  fixed  to  the  non-ablating  end  of  the  rod;  and  2)  an  electronic 
package  that  would  drive  the  rod  at  frequencies  near  resonance  for  a given  mode  and,  in  some  man- 
ner, define  the  resonant  frequrnrj’  histoiy.  The  round  trip  time  historj*  7^(1)  could  then  be  obtained 
from  Equation  (7). 

The  "aKiarent  lei^th”  histoiy  of  the  rod  is  defined  by 
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where  is  the  room  temperature  speed  of  sound  in  the  rod.  To  obtain  the  actual  length  history,  a 
"temperature  correction"  would  be  added  to  L^;  from  Equation  (8)  the  temperature  correction  is 
given  by 


where  C = C/Cq. 
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L(t), 


C (t{Xl) 
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Of  course,  L(t)  is  not  know  a priori  and  the  temperature  distribution  in  the  rod  would 
not  normally  be  available  from  measurements.  Thus,  AL  must  be  calculated  by  an  iterative  process. 
From  the  histoiy  and  other  flight  measurements,  an  appropriate  ablation  model  (transition  cri- 
terion, surface  roughness,  etc. ) would  be  selected.  The  ablation  and  internal  temperature  distribu- 
tion histories  conforming  to  this  model  would  then  be  calculated.  Naxt,  the  temperature  correction 
would  be  computed  and  applied  to  the  apparent  nosetip  lengUi.  Finally,  the  corrected  measured 
recession  history’  would  be  compared  to  the  computed  ablation  rates.  If  necessary*,  the  process 
could  be  repeated  until  agreement  is  obtained.  Fortunately,  the  temperature  correction  will  be  a 
small  fraction  of  the  nosetip  recession  for  most  cases  of  interest.  Thus,  convergence  should  be 
rapid  and  errors  in  the  computed  temperatures  would  not  be  too  important. 

For  a rod,  the  resonances  are  well  dcHncd  and  easily  correlated  with  length.  For  a real 
nosetip,  the  picture  is  complicated  in  several  way’s.  Some  of  the  more  important  of  these  arc: 

1.  The  curved  stagnation  region,  together  with  the  beam  divergence 
characteristic  of  the  low  rescmancc  frequencies,  leads  to  a spreading 
of  the  resonance  peak.  In  effect,  the  nosetip  may  be  modeled  as 

a bundle  of  rods  of  vatyii^  lengths,  all  excited  simultaneously, 
even  when  consideration  is  restricted  to  onc-dimcnsional  stress 
wave  propagation. 

2.  Because  the  stress  wave  propagatiem  is  three-dimensional,  mam* 
resonances  exist  other  than  the  Ici^th  resonances.  The  frequencies 
of  some  of  these  resonances  w’ill  x-ary*  with  nosetip  ablatimi  while 
others  will  remain  fixed  or  will  vary  with  temperature  only. 

3.  .As  there  will  be  mam*  oblique  reflcx;tions  in  a thr<je-dimensional 
nosetip,  stress  wave  mode  conversions  (from  compression  to 
shear  and  vice  versa),  with  chaises  in  stress  wave  veloci^’,  will 
occur.  These  mode  conversions  complicate  the  interpretation  of 
resonances. 

4.  The  base  of  the  nosetip  (where  the  transducer  is  mounted)  is 
modeled  imperfectly  as  a "free  end.  ” Thus,  some  phase  shift 
of  the  reflected  wave,  with  a corresponding  shift  in  the  resonant 
frcq-jcncies,  can  be  expected. 

The  flrst  three  erf  these  conditions  waste  power  while  contributing  structure  to  the  fre- 
quency response  curve,  makii^  it  more  difficult  to  identih*  and  track  a ’’length  rcscnance.  ’’  ’ilicy 
arc  all  less  important  for  a segmented  tip  design  with  a central  stud  than  they  are  for  a solid  plug 
tip.  The  fourth  condition  affects  the  calibration  of  the  gage,  but  otherwise  should  not  be  important. 
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To  help  assess  the  potential  of  an  ablation  gage  based  on  the  resonant  frequency  principal, 
some  early  bench  tests  were  performed  on  a Mallory  (copper-infiltrated  tungsten)  replica  of  the  studs 
used  in  the  segmented  50  MW  models.  A vertical  stack  of  two  transducer  chips  was  bonded  to  the 
rear  end  of  the  stud.  The  chip  b<mded  directly  to  the  stud  was  excited  with  a wave  generator  while 
the  aft-most  cMp  was  used  as  a listening  device.  In  a series  of  experiments,  the  excitation  frequencj’^ 
was  varied  in  sawtooth  curves  covering  several  different  sweep  rates  and  frequency  ranges.  It  was 
found  that  the  first  resonance  (n  = 1 in  Equation  [7])  was  very  difficult  to  identify.  The  peak  was  so 
narrow  (i.e. , tiic  resonance  was  of  such  high  Q)  that  it  was  completely  obscured  at  all  but  the  very 
slowest  sweep  rates  (less  than  1 kHz/second).  The  seccmd  resonance  (n  = 2)  was  easier  to  find,  but 
was  still  highly  attenuated  at  sweep  rates  above  50  kHz/second.  The  third  resonance,  on  the  other 
hand,  was  readily  identifiable  at  sweep  rates  in  excess  of  500  kHz/second  and  was  located  at  fi:e- 
quencies  in  agreement  with  theory,  lluis,  it  was  decided  to  continue  with  a 50  MW  test  of  the  reso- 
nance gage  concept. 

At  a later  date,  similar  bench  experiments  were  performed  on  a full-scale  unsegmented 
subtip.  While  tiie  frequency  response  curve  for  tiie  subtip  had  more  structure  than  the  response 
curve  for  the  stud  (as  would  be  expected),  the  third  lengtii  resonance  was  still  read%  identifiable. 
Thus,  it  would  appear  that  a resonance  ablation  gage  is  feasible  for  both  s^mented  and  uns^mented 
tips. 

6.1.2  Sfynal  Conditioning  Concept 

Two  basic  signal  conditioning  conc^ts  were  considered:  1)  a ^'stem  analogous  to  the 
bench  tests  described  above  in  which  tiie  drive  frequency  is  varied  in  a sawtooth  curve  over  the  range 
of  interest  and  the  entire  respemsc  curve  is  transmitted  to  the  ground,  and  2)  a phase-lock  loop  f^’s- 
tem.  The  considerations  in  the  evaluation  these  alternatives  included  data  rate  capabilities,  noise 
rejection  capabilities,  reliabilify,  and  hardware  de\’elopment  schedule.  The  evaluation  was  made 
for  the  .A.N.T./ERN  program  in  which  an  in-weather  recession  measurement  capabilify  was  desired. 

The  advantages  of  tiie  phase-lock  loop  approach  include:  1)  a continuous  output  which 
may  be  correlated  directfy  with  apparent  recession,  2)  simpler  data  reduction  and  interpretation, 
and  3)  adaptabflify  to  high  noise  rejection  designs.  These  arc  attractive  attributes  and  it  was  found 
later  that  Acurex  Corporation  is  det^eloping  a resonance  gage  with  a phase-lock  loop  (Reference  50). 

The  major  disadvanti^e  a phase-lock  loop  is  that  if  lock  is  lost  at  any  time  during 
reentry,  ablation  measurements  would  be  lost  for  the  remainder  of  the  flight.  Two  uncertainties 
make  it  difficult  to  assess  the  probabUify'  of  lock  loss  in  advance.  The  first  of  these  is  that  a typical 
nosetip  frequency  rc^xmsc  curve  has  considerable  structure  with  different  resonance  peaks  that  may 
cross  as  the  nosetip  ablates.  For  an  unsi^mcntcd  tip  in  particular,  the  chaises  in  the  response 
curve  structure  are  unpredictable  and  could  lead  to  a shift  in  the  lock  from  one  resonance  to  another. 

The  second  uncertainty'  is  in  the  background  acoustic  noise  to  be  expected  durii^  reentry. 
Ko  flight  data  arc  presentty  available  in  the  resonance  gage  band.  This  lack  of  data  presents  problems 
to  the  designer,  ff  too  much  noise  rejection  capability'  is  built  into  the  signal  conditimicr,  lock  loss 
m:ty  occur  because  the  rcsultii^  dq;radation  in  rc^xmsc  time.  If  too  little  noise  rejection  capa- 
bility is  included,  lock  loss  nuy  occur  due  to  the  resoltii^  degradation  in  signal-to-noise  ratio.  For 
ordinary  clear  air  reentries,  the  noise  rejection  compatible  with  maximum  predicted  recession  rates 
is  quite  h^h  and  probabfy  satisfactory.  However,  for  wcatiicr  flights,  in  which  it  is  anticipated  that 
cxccpUon:dfy  high  acoustic  mdse  wiU  be  combined  with  very  high  ablation  rates,  a satisfactory  design 
compromise  nuty  not  be  poss3>lc. 
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The  alternate  signal  conditioning  concept  (in  which  the  complete  response  cur\'e  is  trans- 
mitted) has  definite  design  limitations,  at  least  with  the  data  rates  available  from  the  A.N.T.  vehicle 
telemetry  »'stem.  In  tlie  system  selected,  for  example,  only  ten  nosetip  lei^th  measurements  per 
secrnid  could  be  obtained.  Noise  rejection  is  obtained  through  the  use  a trackix^  Alter.  .Again, 
the  designer  is  confronted  with  a problem  for  weather  flights.  If  the  filter  bandwidth  is  narrow  enough 
to  reduce  particle  impact  noise  to  an  acceptable  value,  tracking  would  probab^*  be  lost  at  high  erosion 
rates. 

Despite  these  limitations,  the  full  response  curve  type  signal  conditioner  «-as  selected 
for  development  for  the  A.N.T.  vehicle.  ITie  rationale  was  as  follows: 

1.  For  initial  Qight  tests,  the  ^'stem  providii^  the  most  inf(nrmati<m 
is  to  bo  preferred.  The  complete  response  curves  could  be  sub- 
jected to  ana^'sis  and,  A desired,  further  processing  on  the  ground. 

Once  the  bcha\’ior  of  the  response  curve  is  fully  evaluated,  the 
potentials  and  pitfalls  of  a phase-lock  loop  ^'stem  can  be  assessed. 

2.  Even  tho>j^  both  s>'stems  u-ould  have  difAcul^*  in  a severe  weather 
emdronment,  the  complete  response  system  wtiuld  recover  after 
the  vehicle  leaves  tiie  cloud  cover.  Thus,  the  total  recession  in 
the  weather,  A not  the  details  of  the  histoi>',  would  be  measured. 

With  the  phase-lock  loop  sy'stem,  on  the  otiicr  hand,  once  lock  is 
lost,  no  further  \'alid  measurements  can  be  made. 

The  Ml  re^ionsc  curve  system  had  one  further  ach-actage.  Existii^  pulsc/echo  fype 
signal  conditioners  fabricated  for  the  A.N.T.  program  could  be  adapted  rcadi^'  to  that  system  on  a 
short  schedule  and  for  minimum  cost.  It  was  neccssaiy  to  replace  onh-  one  module  and  modify  two 
others  in  each  unit.  Figure  142  shows  a block  diagram  of  the  s;>*strm. 
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F^rc  142.  Block  diagram  of  signal  coaditiemer  module  for 
resonant  frequency  ablatimi  g^e. 


6. 2 BREMSSTIIAHLUNG-ACTIVATION  ABLATION  GAGE 


The  BremssU'ahlung-Activatlon  Ablation  Gage  (BAAG)  was  designed  to  measure  tlic 
recession  of  a tungsten  nosetip.  The  gage  requires  no  physical  alterations  or  changes  to  tlie  nosetlp 
and  nioasures  ablation  by  monitoring  tlie  change  in  nosetip  radioactivity.  The  gage  was  designed  by 
Intelcom  Rad  Tech  (IRT)  under  subconti'act  to  PDA.  The  design  analyses  and  demonstration  tests 
;hnt  were  performed  on  tlie  gage  arc  presented  In  tlie  following  subsections.  Additional  daUi  atid  de- 
sign information  on  tlie  BAAG  system  are  contained  in  Reference  51. 

C.2. 1 Concept  Description 

The  BAAG  system  Is  a radioactive  gage  that  uses  brcmsstralilung  radiation  to  activate 
a tungsten  nosetip.  The  nosetip  is  activated  by  high  energj'  electrons  which  produce  high  energj' 
brcmsstralilung  photons.  The  bromssti'ahlung  photons  convert  the  nosetip  material,  tungsten,  bito 
^®^Ta  by  tlie  following  two  reactions: 


^^V(y,p)  ^^^Ta  and  ^^^V(y,pn)  ^®^Ta. 


Because  of  tlie  conversion  of  tungsten  directly  into  tlic  isotope  by  bremsstrahlung  photons,  no 

pliysical  alterations  arc  required  to  activate  tlie  nosetip.  Since  tlie  attenuation  coefficients  feu'  the 
bremsstrahlung  photons  and  tlie  1, 2 MeV  gamma  r.-iys  ciiiittcd  by  th  l'''2>i'.j  source  are  approximately 
equal,  a neai'ly  linear  gage  count  rate  versus  nosetip  tlilckness  can  be  obtained  by  proper  nosetip 
irradiation  and  dotijctor  placement. 


A potential  limitation  to  tlie  BAAG  ^'Stcni  could  be  the  sensitivity  of  tlie  system  to  possible 
background  counting  rates  caused  by  nosetip  radioactive  material  tliat  has  migrated  from  the  forward 
portion  of  the  nosetip  and  deposited  on  the  vehicle  sidewall.  The  Importmco  of  source  migration  will 
depend  on:  1)  the  ability  to  collimate  and  shield  the  detector,  2)  the  raiiloactlve  strength  aiul  amount 
of  nosetip  material  irradiated,  :md  3)  the  amount  and  location  of  radloartb'C  matcrhil  deposltcil  on 
the  sidewall.  To  minimize  the  effect  of  source  migration,  two  detectors  ;ire  proposed  for  tlie  BAAG 
system.  One  will  be  collimated  to  measuvo  nosetip  radiation  and  the  other  will  be  shielded  from  the 
nosetip  to  measure  background  radiation.  The  shielded  detector  output  will  be  subtracted  from  the 
collimated  detector  output  to  obtain  nosetip  recession. 


A preliminary  design  application  of  tlie  BAAG  insh'umentation  system  Is  shown  In  I'lg- 
urc  114.  The  system  consists  of  a tungsten  nosetip  that  has  been  nondestructlvcly  activated  :ilong 
the  centerline  by  oremsstrahlung  photons,  A detector  is  colllnmted  :jnd  placed  at  ;v  convenient  loc;»- 
tlon  sift  of  the  nosetip.  Tlie  detector  consists  of  two  sclntilhitors  coupled  to  one  or  more  photomul- 
tiplier tubes. 


r).2.2  Tungsten  Nosetip  Activation 


Tlie  tungsten  nosetip  Is  :ictlvatcd  by  bromssti'ahlung  radiation  produced  by  a be:un  of 
high-energy  electrons.  Two  mctliods  of  producing  bremssti'ahlung  radiation  were  Investigated  for 
the  Irradiation  of  tunj,aten  nosetlps.  One  method  utilized  a collimated  beam  of  bremsstrahlung  r.'idl- 
atlon  produced  by  a Uintalum  target  and  a tungsten  collimator.  The  second  method  produced  brems- 
sti'ahlimg  radiation  dlrcctfv  In  tlic  nosetip.  The  first  method  will  protluce  a more  concentrated  ameunt 
of  ^''’^Ta  along  the  centerline  (i.e. , mbiimum  brcmsstralilung  dispersion  and  subscciuent  activation 
In  tlie  radial  direction)  than  the  second  method.  However,  the  first  niethal  requires  more  electron 
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bomn  cnorny  to  proiliioo  roasoiiubia  activity  levels  because  a significant  amount  of  Uie  energy'  is  lost 
in  tl>o  U\ntnluivi  b\rgot  ami  collimator,  llotl»  lueUtixis  were  Investlgateil  for  tl>e  purpose  of  determining 
U\o  radial  and  iixlal  disU'ibutlons  of  tl\e  actlvitj'  and  tJio  elec  toon  energy  required  to  aclileve 

reasonable  counting  rates  for  a flight  'stem. 


■'igure  I't't.  PreUiulnary  tungsten  nosetlp  design  wltJi  radioactive  recession  sensor. 


(5. 2. 2. 1 Tungsten  Activation  \Vitl\  Collimated  lire  ;sstoahlung 

A schematic  of  Uie  hariiwaro  us<'  ’ ,u  protiuce  Uie  collinoited  l'romsstoal»lung  radiation 
is  preseutei,!  in  Figure  145.  A HO  MeV  clectoon  beam  was  passed  U>rougl>  a graphite  collimator  to 
irradiate  a water  coolcti  bmUtlum  target.  Behind  tlie  Uinbilum  was  an  electoon  beam  attenuator  con 
sistiug  of  several  l!\yors  of  water  -cooled  alvuulAum  discs.  T!»e  forward. -directe«.i  bremsstoahlimg 
beam  proilucetl  by  electron  bombaniment  of  the  t4mtolum  birget  was  colllmatixl  by  a hollow  cylinder, 
.\  stiick  of  tung:,tei\  illsos  simulating  a nosetlp  were  placed  in  U>e  collimated  bremsstoahlimg  beam 
for  irradiation. 

The  tungsten  discs  wore  Irradiated  at  lUT  for  five  hours  at  an  electoon  enorgy  of  HO  MeV 
and  an  average  current  of  70 /lA.  The  moasureil  axial  distribution  of  ^^“Ta  activity  is  presented  in 
Figure  14H.  Tlie  axial  distidbutlon  was  obtained  by  measuring  Uie  absolute  activation  of  each  disc 
from  Uie  end  facing  Uie  beam.  Tlie  radial  measured  dlstoibiition  of  ^'^“Ta  acUvlly  in  each  disc  is 
shown  in  Figure  147. 
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I'igurc  M5.  Geometry  for  irradiation  of  tungsten  witlt  eollimated 
bremsstralilung  beam  producwi  by  (‘>0  McV  electrons. 
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Figure  14().  Measured  axial  disti'ibution  of  ^''’^Ta  activity. 
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Figure  147.  Radial  disti'ibution  of  ^®^Ta  activation  in  the  discs 
irradiated  with  a collimated  bremsstrahlung  beam. 


A nosetip,  collimator,  and  detector  assembly  was  fabricated  to  determine  the  ablation 
measurement  sensitivity  of  the  instrumentation  syrtem.  A schematic  of  the  assembly  is  presented 
in  Figure  148.  The  stack  of  irradiated  tungsten  discs  shown  in  the  figure  was  used  to  simulate  a 
nosetip.  The  initial  overhang  of  the  nosetip  was  varied  by  removing  the  aft  discs  and  the  ablated 
depth  was  varied  by  removing  the  forward  discs.  The  measured  sensitivities  of  the  coun!  rate  to 
nosetip  thickness  are  presented  in  Figure  149  for  initial  nosetip  overhangs  of  4.65  cm  and  6.20  cm. 
As  can  be  noted,  the  count  rate  is  nearlj  a linear  function  of  nosetip  thickness. 

For  an  actual  nosetip  irradiation,  the  electron  beam  eiu-rent  would  be  run  at  350 //A 
(typical  for  the  IRT  LINAC)  instead  of  the  70  (i\  used  in  the  present  study.  For  flight,  a counting 
rate  of  appro.\imately  5, 000  cps  would  be  a lower  limit  of  the  desired  counting  rate,  i-or  a nosetip 
overhang  of  6.20  cm,  the  data  of  Figures  146  and  149  indicate  that  the  irradiation  ti.me  to  achieve  a 
5,  UOO  cps  counting  rate  would  be  over  1300  hours.  This  irradiation  time  is  undesirable  because  of 
the  LINAC  costs  that  would  be  Involved  in  supporting  a flight  test. 

6. 2. 2.2  Tungsten  Activation  With  Direct  60  MeV  Electrons 

Because  of  the  e.\cessive  time  required  to  irradiate  a nosetip  using  a collimated  brenis- 
strahlung  beam,  direct  irradiation  of  the  nosetip  with  electrons  was  investigated  to  establish  tlie 
savings  in  irradiation  time  that  would  result.  Direct  irradiation  will  result  in  Uiicollimated  brems- 
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strahlung  in  the  nosetip  and  the  radial  distribution  in  ” Ta  activity  ma>  be  e.\pected  to  be  more 
disuse  and  not  as  centrally  coicentrated  as  the  .activity  produced  by  collimated  bremsstrahlung.  To 
determine  the  irradiation  time  and  the  radial  distribution  of  activity,  a stack  of  tungsten  discs  were 
irradiated  and  the  distribution  was  mapped  both  axiaUy  and  radi.ally.  A schematic  of  the 
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hardware  used  to  irradiate  the  tungsten  stack  is  presented  in  Figure  150.  As  was  done  in  the  col- 
limated bremsstrahlung  activation  axperiment,  a 60  MeV  electron  beam  was  collimated  by  a hollow 
graphite  cylinder.  However,  instead  of  having  the  electron  beam  impinge  on  a tantalum  target,  the 
electron  beam  was  focused  on  the  tungsten  stack  to  form  bremsstrahlung  radiation  directly  in  the 
tungsten.  The  tuiigsten  stack  was  water-cooled  to  prevent  material  property  changes  that  can  occur 
in  tungsten  at  temperatures  above  l«ao“F.  The  cooling  apparatus  was  simply  an  uiroressurized  water 
bath  with  the  water  inlet  located  at  the  forward  face  of  tlie  first  tungsten  disc.  The  first  tungsten 
disc  was  separated  from  the  other  discs  to  aliow  both  faces  of  the  first  disc  to  be  water-cooled.  In 
cooling  an  actual  nosetlp,  a sophisticated,  pressurized  high  velocity  water-cooling  system  will  be 
required  to  maintain  reasonable  tungsten  tempe  atures  during  activation.  The  nosetip  cooling  anal- 
ysis and  the  cooling  system  required  for  acti\'al>on  of  a flight  nosetip  are  described  in  Section  6.2.4. 
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Figure  150.  Geometry  for  irradiation  of  tungsten 
with  direct  electron  beam. 


The  tungsten  discs  were  irradiateti  directly  with  electrons  at  HIT  for  1. 75  hours  at  an 
electron  energy  of  60  MeV  and  an  average  current  of  70  it.\.  The  axial  distribution  of  ^^“Ta  activity 
is  presented  in  Figure  146.  As  can  be  noted,  direct  electron  irradiation  results  in  a significantly 
higher  activity  level  tlian  was  obtained  by  indirect  (or  collimated)  bremsstrahlung  irradiation.  Com- 
paring the  activities  obtained  from  c.ach  method  for  equal  irradiation  times,  it  can  be  shown  that  the 
activation  obtained  by  direct  irradiation  is  over  IS  times  the  activation  obfciined  b>’  imiirect  irradiation. 

The  measured  radial  distribution  of  ^^“Ta  activity’  in  each  disc  is  shown  in  Figure  151. 

The  "full-width-half-maximums"  of  the  radial  distributions,  as  shown  in  Figures  147  and  151,  arc 
compared  in  Figure  152.  As  can  be  noted,  direct  irradiation  produces  a slightly  broader  region  of 
activation.  At  a depth  of  2 inches . the  width  of  activated  tungsten  induced  by  direct  irradiation  is 
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I'isjuro  151.  Kaclinl  activation  profile  of  ^^“Ta  activation 
for  1. 1'1-cm  thick  pieces  of  tungsten  irradi- 
ation with  GO  MeV  electron  beam. 
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35  percent  greater  than  the  width  induced  by  indirect  irradiation.  For  a flight  nosetip,  as  will  be 
indicated  in  Section  6.2.5,  the  activated  width  produced  by  direct  irradiation  appears  to  be  accept- 
able. If  desired,  the  width  can  be  reduced  further  using  a small  electron-beam  collimator  and 
a h%her  electron  beam  energy. 

The  activated  tungsten  discs  (activated  directly  with  electrons)  were  used  in  the  assembly 
shown  in  Figiure  148  to  determine  the  count  rate  as  a functior  of  nosetip  diickness.  The  measured 
count  rates  are  presented  in  Figure  153  for  nosetip  overhangs  of  5.72,  6.86,  and  8.00  cm.  The 
count  rate  dependence  on  thickness  is  similar  to  that  meastured  with  tungsten  discs  activated  by  col- 
limated bremsstrahlung.  Figure  149.  The  count  rate  is  nearfy  a linear  function  of  thickness  with 
a slightly  increasing  count  rate  per  unit  thickness  (count  rate  versus  thickness  slope)  as  the  tungsten 
thickness  is  increased. 
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Figure  153.  Cornt  rate  versus  nosetip  thickness  for 

direct  electron  irradiation,  8 cm  overhang. 

The  estimated  count  rates  for  a tungsten  nosetip  irradiated  directly  with  60  MeV  electrons 
at  350  uA  for  75  hours  are  presented  in  Figure  154.  As  can  be  noted,  a count  rate  of  over  10,000  cps 
will  result  for  a thickness  of  5.72  cm.  The  irradiation  time  and  counting  rate  for  direct  irradiation, 
relative  to  indirect  irradiation,  are  improved  significantly  with  very  little  sacrifice  in  the  radial 
distribution  of  activated  tungsten.  In  view  of  these  results,  it  is  recommended  that  direct  irradiation 
be  used  for  flight  actis-ation. 
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Figure  154.  Composite  plot  of  count  rate  versus  nosetip 
thickness  for  direct  electron  irradiation  of 
75  hours  of  full  Linac  power;  four  different 
nosetip  overhangs. 

6.2.3  Background  Effects  On  Measurement  Uncertain^' 


As  has  been  noted,  the  BA.AG  sj'stem  uses  bremsstrahlung  radiation  to  convert  the  nose  - 
tip  material,  tungsten,  into  the  gamma-ra3-  isotope  ^^“Ta.  Because  tungsten  has  good  gamma- ' 
attenuation  characteristics,  a relativel3'  large  amount  of  the  ^®“Ta  isotope  is  required  to  obtaii. . 
reasonable  detector  counting  rate.  The  greater  the  amount  of  ^‘’“Ta  that  is  present  in  the  nosetip, 
the  greater  is  the  possibilify  of  having  a portion  of  the  isotope  migrate  and  deposit  on  the  sidewall 
heatshield  (a  phenomenon  commonl3’  referred  to  as  source  migration).  The  deposited  sidewall  iso- 
tope will  cemtribute  to  the  countit^  rate  In'  changing  the  background  radiation,  thercb3'  introducinp 
an  error  in  the  ablation  measurement.  To  estimate  the  error  induced  b5'  possible  source  migratio.  , 
measurements  were  made  on  ground  test  and  flight  test  heatshields  to  determine  the  amount  of  tung- 
sten nosetip  material  deposited  on  the  sidewall.  .Assuming  the  amount  of  deposited  ^"^“Ta  is  propor- 
tional to  the  amount  of  deposited  tui^sten,  an  estimate  was  then  made  of  the  background  rate  that 
would  be  e-xpected  for  a particular  instrumentation  design. 


Neutron  activation  anaU'ses  were  utilized  to  measure  the  tungsten  deposition  thickness 
on  two  test  specimen  heatshields.  This  was  accomplished  by  wrapping  the  heatshield  with  a thin 
la3'er  of  tungsten  sheet,  irradiating  the  asscmbl3-  in  a neutron  field,  and  countii^  the  24-hour 
radioactivify  arising  from  neutron  capture  in  tungsten.  Several  locations  on  the  aft  heatshield  were 
counted  with  and  without  the  tungsten  sheet.  The  ratio  of  the  two  counting  rates  can  be  related  to 
the  amount  of  tungsten  deposition  on  the  heatshield.  The  heatshields  that  were  anal3’zed  included  a 
heatshield  recovered  from  a S.AMS  tungsten  nosetip  flight  test  and  a heatshield  obtained  from  an 
SO  atm  spiked  cnthalp3’  tungsten  nosetip  test  in  the  50  M\V  arc- jet  facili^*.  For  the  S.AMS  heatshield. 
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the  mean  deposited  tungsten  thickness  was  measured  to  be  0. 15  micron  with  a variation  of  2.20  percent 
over  the  entire  heatshield.  For  the  50  M\V  heatshicld,  a mean  thickness  of  0. 6 micron  was  measured. 
The  thickness  variation  over  the  heatshield  was  between  0.4  and  0.<  micron,  and  this  variation  ai^ar- 
cntly  was  caused  the  non^mmetrical  ablation  behavior  of  the  nosetip. 

To  estimate  the  importance  of  source  migration,  two  tungsten  sidewall  depositiem  rates 
were  assumed.  In  one  case,  the  tungsten  was  assumed  to  be  deposited  and  removed  at  equal  rates 
so  that  a constant  tungsten  thickness  of  O.C  micron  was  maintained  during  the  entire  portion  of  re- 
entry. In  another  case,  the  tungsten  thickness  was  assumed  to  be  dependent  on  the  nosetip  thickness 
as  shown  in  Figure  155.  The  calculated  ratio  of  background  counts  to  nosetip  counts  is  shown  for  an 
initial  nosetip  overhang  of  5 cm  and  the  detector  shielding  and  collimator  design  of  Figure  144.  For 
a constant  tungsten  deposit  thickness  of  0. 6 micron,  the  background  counts  reach  a maximum  of  $ per- 
cent of  the  signal  when  the  nosetip  has  ablated  5 cm.  Incrcasii^  the  nosetip  overhang  or  increasing 
the  amount  of  sidewall  activify  will  increase  this  ratio  accordingl3'.  Because  of  the  imknown  amount 
and  bcha\ior  of  sidewall  deposition,  it  is  recommended  that  tu'o  scintillators  be  used  in  the  £^-stem. 
One  will  be  shielded  from  the  nosetip  to  measure  background  radiation.  The  other  will  be  collimated 
to  \iew  the  nosetip  and  will  measure  a combination  of  nosetip  and  background  radioactivi^-. 
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Figure  155.  Calculated  background  effects  of  0. 6 micron  thick  tungsten  deposit 
on  heatshicld  assuming  instantaneous  and  slow  build-up  of  tungsten 
layer.  Lower  figure  shows  tui^stcn-builii-up  function  assumed. 


6.2.4 


Nosetip  Cooling  Durim;  .Activation 


Thermal  anal.vscs  were  performed  on  a lui^sten  nosetip  for  the  purpose  of  estimating 
the  cooling  requirements  necessarj*  to  maintain  the  nosetip  at  a reason.iblc  temperature  level  during 


irradiation.  Direct  irradiation  of  the  nosetip  with  clcctrms  results  in  a large  cemversiem  of  electron 
energj'  into  thermal  energj'.  For  the  electron  beam  energy  estimated  to  produce  the  desired  flight 
radioactive  strength  (Figure  154),  approximately  21  k\V  of  thermal  energy  is  generated  in  the  nosetip. 
To  preclude  changes  in  material  properties  that  can  occur  in  tungsten  above  1S00®F,  a higfalv  efficient 
coolii^  sj'stem  will  be  required  to  maintain  the  nosetip  at  reasonable  temperatures,  and/or  the  elec- 
tron beam  energ>’  must  be  reduced. 

To  estimate  tlie  requirements  of  the  cooling  ^'stem,  anali'ses  were  performed  at  electron 
beam  power  levels  of  21  k\V  and  10.5  k\V.  The  GO  MeV  electron  beam  currents  at  these  levels  are 
350  hA  and  175  u.A,  respective^.  The  nosetip  that  was  analyzed  is  illustrated  in  Figure  144.  The 
nose  radius  is  0. 50  inch,  with  a 15-dcgrcc  cone  half-angle  and  a thickness  of  2. 25  inches  along  the 
centerline.  The  nosetip  shank  has  a 0. 50-inch  diameter  hole  along  the  center  to  aid  in  gamma-rw 
collimation. 

During  irradiation  in  a linear  accelerator,  the  nosetip  was  considered  to  be  encapsulated 
in  a pressure  vessel  (e.g. , titanium)  with  high-pressure  water  forced  through  annular  passages  to 
extract  heat.  The  estimated  pou’cr  dissipated  in  the  nosetip  as  a function  of  nosetip  depth  is  presented 
in  Figure  156  for  the  21  kW  operatii^  cemdition.  The  power  dissipation  was  estimated  by  calculating 
the  heat  deposition  duo  to  electron  ionization  and  attenuation  of  the  brcmsstrahlung  photons. 


*XUl  WSWNCi  f*0«  stagnation  KJINT  on) 

Figure  156.  Thermal  energy  dissipation  in  tungsten  for 
full-power  direct  electron  irradiation. 

For  the  power  profile  of  Figure  156,  it  is  estimated  that  the  nosetip  must  be  irradiated 
for  75  hours  to  achie\-e  an  initial  flight  count  rate  of  aj^roximatefy  10, 000  cps  for  the  geomctiy  and 
detector  asscmblv  of  Figure  144.  Because  of  the  loi^  irradiation  time,  thermal  transients  will  be 


unimportant  in  defining  the  maximum  nosetip  temperature  level.  A steady-state,  two-dimensional 
thermal  analysis  fiie  noset^  was  performed  using  fiie  nodal  network  of  Figure  157.  The  thermal 
conductivity  tungsten  that  was  used  in  file  anatysis  was  presented  in  Table  24. 
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Figure  137.  Nosetty  nodal  network. 

The  thermal  boundary  conditiao  at  the  noset^  external  surface  was  computed  using  the 
forced  cooling  and  water  boiling  correlations  of  Reference  52  as  a basis.  The  correlations  of  Ref- 
erence 52  were  extrapolated  to  a water  velocity*  of  15  ft/sec  with  150*^  sobcooling,  and  these  corre- 
lattons  are  presented  in  Figure  15S.  A maximum  beat  transfer  rate  of  2.5  x 10^  Btu/ft^-hr  is 
estimated  to  occur  at  "bum-out." 
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For  the  21  k\V  electron  beam  irradiation  condition,  nosefi;  .nperatures  o\'er  4000^F 
were  predicted  for  the  forced  water  cooling  correlations  of  Figure  1'  . With  the  same  cooling  corre- 
lations, a maximum  nosettyi  temperature  of  2125°F  was  predicted  for  the  10.5  k\V  electron  beam 
condition.  The  predicted  temperatures  fw  the  nodes  of  Figure  157  are  presented  in  Table  27  for  a 
power  level  10. 5 kW.  As  can  be  indicated  by  the  temperature  distribution,  the  major  portion  of 

the  heating  is  occurrii^  near  the  nosetip  stagnation  point.  Because  of  the  high  concentration  of  ther- 
mal disstyation  in  the  stagnatiem  r^on,  it  is  possible  that  "burn-out"  will  occur  and  temperatures 
higher  than  predicted  may  result.  To  ensure  reasonable  temperature  le\-els,  it  is  recommended  that 
the  electron  beam  energy  be  reduced  below  7 kW.  This  power  level  would  require  approximately 
230  hours  for  irradiation,  compared  to  the  75  hours  required  with  21  kW. 


The  estimated  230  hours  required  for  irradiation  possibty*  could  be  reduced  fay  using  a 
thin  tantalum  section  just  forward  of  the  nosetip.  As  can  be  noted  in  Figure  156,  peak  dissipation 
occurs  at  a depth  of  approximatety  4 mm  in  the  nosetip.  By  placing  a 4 mm  tantalum  section  forward 
of  the  nosetip,  the  peak  dissipation  will  occur  on  fiic  surface  of  the  nosetip,  rather  than  within  the 
nosetty).  This  ill  increase  the  ability  to  conduct  beat  to  the  surface  of  the  nosetip.  By  forcing  high- 
pressure  water  between  the  g:q>  separating  the  tantalum  and  the  tungsten,  power  levels  higher  than 
7 kW  may  be  possible.  Use  of  this  higher  power  levd  and  fiie  subsequent  reduction  in  irradiation 
time  will  require  further  anatysis  for  verification. 
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Figure  15S.  Boiling  heat  transfer  data  for  water. 


6.2.5  Description  of  Flight  ^’Stem 

A schematic  of  a preliminary-  flight  nosetip  design  utflizing  the  BAAG  system  was  pre- 
sented in  Figure  144.  The  nosetip  is  2,25-inches  loi^  with  a 2.0-inch  lo:^  collimator.  A Csl  scin- 
tillator is  used  to  measure  radiation  from  the  noscUp.  An  annular  rii^  of  Xal  scintillaticm  material 
is  used  primarily  to  measure  background  radiation.  The  signal  from  the  Xal  scintillator  is  used  to 
correct  the  Csl  signal  for  \ariations  that  .ran  occur  in  the  background  radiation.  Both  scintillaticn 
crystals  are  beaded  to  a common  photomultiplier  tube  to  form  a "phoswitch’*  detector  assembly. 

The  phoswtich  uses  the  difference  in  the  phosphor's  deem-  time  to  distinguish  between  the  two  scin- 
tillators. The  phosphors  generated  in  Xal  (Tf)  have  a decay  time  of  0.23  msec  versus  a decay  time 
of  0.7  //sec  for  Csl  fT().  Using  the  large  difference  in  decay  time,  the  photomultiplier  pulses  can 
be  screened  electronically  to  differentiate  between  Xal  and  Csl  interactions.  The  phoswiteh  technioue 
has  been  used  in  space  radiation  experiments.  In  these  crcperimcnts,  a sir^le  photomultiplier  tube 
was  used  to  monitor  the  countii^  rate  from  two  scintillators. 

The  sensor  shown  in  Figure  144  is  configured  for  a flight  vehicle  with  the  detector  assem- 
bly located  forward  of  Vehicle  Station  21.72  inches.  The  photcmultiplicr  is  packaged  with  the  preamps 
and  the  high-voltage  power  supply  in  a gas-sealed  container.  The  nosetip  source  strength  is  approxi- 
matelj-  16  millicurics  with  an  initial  detector  count  rate  of  about  10,000  cps.  .A  tcficm  cap,  placed 
over  the  tui^stcn  nosetip,  is  designed  to  expose  the  tui^ten  at  approximately  35  kft.  This  is  the 
approximate  altitude  at  which  the  primary  nosetip  would  be  removed  when  a high-altitude  weather 
cmironment  is  encountered.  The  tui^tcn  subtip  has  a 0. 50-inch  nose  radius  with  a 15  degree  c«je 
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6.2.6 


•Me  VC  UcafiScd  ta  ncan  ^ 


Cooclasions 


TTic  BA.^G  ^*5tetn  utilizes  a noodcstracUve  method  to  activate  a tor^sten  nosetip  for  the 
purpose  of  mcasarii^  nosetip  ablatioa  with  radioactive  coolers.  Uss  iKsctqjs  arc  activated  with  a 
h^h-cnersy  clcctroo  beam  to  transform  tai^stcn  into  the  *^‘~Ta  isotope.  A fcighh*  efficient  coolii^ 
system  is  required  durii^  irradiatioo  to  prevent  the  nosetip  from  cscecdii^  1S©0®F.  .At  temperature 
above  ISOO^,  undesirable  material  propc^tv  charges  occur  in  toz^sten.  .Ac  adequate  amount  of 
isotope  can  be  formed  in  less  than  230  hours  of  nosetip  irradiatioo  and  result  in  a detector 
countii^  rate  of  over  10,000  cps.  The  count  rate  versus  thicbicss  curve  for  the  6.A.AG  system  has 
been  found  to  be  nearly  linear.  The  linear  dependence  and  high  coasA  rate  result  in  a detector  "ys- 
tem  with  good  measurement  aceurac.*. 


Because  of  the  possibility  of  nosetip  source  migration  and  subsequent  deposition  on  the 
^vehicle  sidewall,  it  is  necessary  that  two  scintillators  be  used  in  the  BAAG  system.  One  scintillator 
will  measure  the  background  radiation  that  results  from  source  migration  and  the  other  will  measure 
both  nosetip  and  background  radiation.  The  count  rate  from  the  former  is  used  to  correct  the  count 
rate  from  the  latter  to  minimize  the  measurement  error  induced  by  variable  (or  transient)  background 
levels. 

**  * 

AU  eiectrical  components  in  the  BAAG  system  have  been  developed  and  the  basic  detector 
design  has  been  extensively  flight-tested.  Additional  development  required  for  the  ^stem  includes; 

1)  designing  and  testing  the  phoswitch  detector  assembly,  2)  designing  and  verifying  the  cooling  sys- 
tem and  nosetip  activation  procedures,  and  3)  modifying  for  use  on  tungsten  nosetips  the  calibration 
procedures  currently  used  for  graphite  nosetips. 
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Al.  0 DESCRIPTION  OF  FAILURE  CRITERION 


The  Priddy  failure  criterion  (Reference  A-1)  is  a general  macroscopic  failure  criterion 
applicable  to  brittle  anisotropic  materials.  It  consists  of  a cubic  equation  failure  surface  having 
the  following  properties: 


1.  Arbitrary  stress  states  are  accounted  for,  including  effects  of  stress 
interaction  and  shearing  stresses. 

2.  The  failure  surface  is  invariant  with  respect  to  the  coordinate  system 
used  for  stress-strain  response  calculations. 

3.  The  failure  surface  is  smooth,  continuous  and  convex  (but  open  in 
1:1:1  compression). 

4.  The  failure  surface  passes  through  measured  strengths. 


When  this  criterion  is  specialized  to  the  case  of  an  axisymmctric  solid  of  revolution  in 
a material  having  transverse  isotropy,  the  lailurc  surface  is  given  by: 


AIt^  + Blo-^  ^ 320-  + B3o--^  * Clo-  <r  + C2o'  <r  + C3<r  cr 

z r 8 zr  r o q z 


rz 


(Elo-^  • E2o-^  * EgO-^)  (or^cr^  ^ - r„) 


(A-1) 


- Dlcr  - D2o-  - D3<r  -F(o-o-o-  “o-t  ) 
z T e t''q'^z  *^5  rz 


The  coefficients  in  Equation  (A-1)  are  calculated  from  nine  measured  strengths  defined  below: 


FTZ 

FCZ 

FTTH 

FCTH 

FSRZ 

QTHZ 

PTHZ 

QRTH 

PRTH 


tensile  strength,  Z direction 
compressive  strength,  Z direction 
tensile  strength,  8 direction 
compressive  strength,  0 direction 
shear  strength,  RZ  plane 
biaxial  tensile  strength,  8Z  plane 
biaxial  compressive  strength,  OZ  plane 
biaxial  tensile  strength,  B8  plane 
biaxial  compressive  strength,  plane 


The  sequence  of  calculat.on  to  obtain  the  coefficient?  in  Equacion  (A-l)  is  given  by: 


Al  = 


Bl  = 


FSRZ" 

1 


B2=^ 


FT7  • FCZ 
1 


FTTH  • FCTH 


B3  = B2 


D1  = - 


FCZ  - FTZ 
FCZ  • FTZ 


FCTtl  - F1TH 
FCTll  • FITH 


D3  = D2 


PI  = PTHZ 

P2  = PRTll 

P3  - PI 

Q1  = QTllZ 
Q2  = QRTH 
Q3  = Q1 


Cl  = - (B1  + B2)  + 


C2  = - (B2  + B3)  + 


1 [ 

Ql^  + Pl^ 

PlQl  I 

1 

PI  • Ql  (PI  + Ql) 
Q2^  1 P2^ 

P2Q2 

1>2  • Q2  (F2  + Q2) 

+ (D1  + D2){P1  - Ql) 
+ (D2  + D3)  (I”  - Q2) 


C3  = Cl 


BBl  =7^  <B1  + B2  - Cl)  - (D1  + D2) 

Qr  Ql" 

nB2  = (B2  f B3  - C2)  - ^ (D2  + D3) 

Q2'^  Q2“ 

BB3  = BBl 

El  = -^(BBl  - BB2  + BB3) 

E2  ^ (BB2  - BB3  - BBl) 


E3  = E2 


F = -3  (El  + E2  + E3) 


A2.0  STHENGTH  DATA  FOR  TRUNCATED  994-2  GRAPHITE 


Average  strengths  for  truncated  994-2  graphite  nccdctl  in  the  Priddy  failure  criterion 
were  based  prlmaril>’  on  tensile  tests  at  70®F  and  2000  ®F  conducted  at  Southern  Research  Institute 
(SoRI)  for  the  Material  Requirements  Definition  (MRD)  program  (Reference  A-2). 


For  temperatures  above  2000®F  and  for  compressive  values,  average  failure  stresses 
were  buseti  upon  SoRl  dabi  for  non-truncateci  994-2  graphite  in  Reference  A-3.  These  results  are 
summariKtHl  below: 


Average  strengths  (psi)  for  truncated  994-2  graphite. 


Temperature  ( F) 


70  2000  2500  3000 


Across  Grain  Tensile  Strength  (FTZ) 
Sample  Size 
•Average 


4274  4S07  5127  5217 


Across  Grain  Compressive  Strength  (FC2) 
Sample  Size 
Average 


11840  12G79*  13523*  137C0 


With  Grain  Tensile  Strength  (FTTH) 
Sample  Size 
Average 


5677  6551  6730  7250 


With  Grain  Compressive  Strength  (FTTH) 
Sample  Size 
•Average 


10270  11295*  11603*  12500 


Estimated  from  ratio  of  compressive  strength  to  tensile  strength 
at  3000®F 


To  estimate  the  equal  biaxial  tensile  strength  in  the  dZ  plane,  off-axis  test  results  de- 
scribed by  Jortner  on  ATJ-S  graphite  (Reference  A-4)  were  used.  ITieso  results  at  70*^'  and  2000®F 
(Figure  .A-i)  show  that  a smooth  curve  passing  through  the  centroid  of  uniaxial  and  biaxial  strengths 
also  goes  through  the  following  equal  bi:LxiaI  strength: 


QTHZ  = 0.90  FTTZ. 
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Biaxial  failure  stresses  at  70®F  (ATJ-^. 


Biaxial  failure  stresses  at  2000®F  (ATJ-S). 

-hi 

✓ 


Figure  A-1,  Biaxial  failure  stresses  for  ATJ-S  graphite. 

It  is  reasonable  to  assume  a similar  result  for  equal  biaxial  strength  in  the  OK  plane: 

QRTH  = 0.90  FTTH. 

The  eqmil  biaxial  compressive  strengths  were  estimated  as  the  smaller  of  the  two  uniaxial 
compressive  strengths: 


PTHZ  = MIX  (FCZ,  FTTH) 

PRTH  = MIN  (FCTH,  FCTH). 

To  determine  the  RZ  shear  strength,  it  was  assumed  that  off-axis  uniaxial  strength  pre- 
dicted as  a function  of  off-axis  angle: 

1.  should  be  a smooth-shaped.  slowl.v  varj'ing  curve  in  compression 
tliat  follows  measurements  on  .ATJ-S  graphite  (Reference  A-5t  anti, 

2.  should  have  45-degree  tension  values  close  to  measured  strengths 
for  non-truncated  994-2  graphite  (Reference  .A-3). 
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Using  assumed  values  for  avci-age  shear  strength  together  with  average  strengtns  previoush-  assigned 
off-axis  compressive  strength.  <t,  was  calculated  from  Hquation  (A-1)  by  trial  and  error.  For  this 
purpose: 


- cos24>. 


<r^=0 


IT  =—  <r(l  • cos2A. 


r = - <r  - sin  2 
rz  2 

where  6 is  the  off-axis  angle  ((>  = 0 .AG;  6 = 90  \VG).  These  results  in  Figures  .\-2  through  A-5  show 
that,  as  axpccted.  off-axis  compressive  strength  is  sensitive  to  the  assumed  shear  strength.  The 
best  estimate  of  shear  strength  required  to  satisfy  the  two  requirements  ciescrilied  a’oovc  is  summa- 
rized below: 

Estimated  shear  strength  for  scrcenc»l  99-J-2  graphite. 


Temperature  (°F> 


FtiltZ  ipsii 


70 

2000 

2500 

oOOO 


A 000 
4500 
4750 
5000 


It  should  be  noted  that  these  shear  strengths: 

1.  are  a smooth  function  of  tfmjK'rature'.  and 

2.  give  45-dt^rec  tensile  strengths  predictions  within  200  psi  of 
mcasuretl  strengths  for  non-truncati-*!  994-2  graphite  at  70‘’F 
and  2000®F- 


To  summarize,  the  nine  stret^ths  ri-quirc^l  in  the  l’ri«kly  criterion  for  trunc3te<5  994-2 
were  dctermincti  as  follows: 


1.  Uniaxial  tensile  strengths  at  70‘’F  and  2000‘'F  were  bascti 
u{)on  MRD  test  results  for  truncated  994-2  in  Hefcrence  .\-2. 

2.  Uniaxial  tensile  strengths  at  25t'o‘*F  ami  SOOO^'f  were  bas«l 
u}>on  non-truncate<l  994-2  graphite  in  Reference  A-3. 

3.  Uniaxial  compressive  strength  were  basoi  u{>on  non-trunc3t»xi 
994-2  graphite  in  Reference  .A-3. 

4.  Biaxial  tensile  strengths  were  calculauxl  as  90  i>ercent  of 
the  smaller  of  the  uniaxial  value  based  <m  ATJ-S  •’ata 
(Reference  A-41. 
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A3.0  MARGINS-OF-SAFICTY  FOR  STRUCTURAL  ANALYi'.FS 

Marglns-of-safety  are  calculated  for  each  finite  element  from  the  proximity  of  the  applied 
stress  vector  to  the  Prlddy  failure  surface  as  Indicated  In  Figure  A-(i. 


MIOOY 

fAllUlte  SURfACt  fOR 
BY  95/95  SIPfNGlHS 
PROS  - .025 


e 

VI 

< 


.C'" 


RAOlAl  SIRfSS  • lOOP  SIRtSS 


MS  - (^nC^)-' 

AUOWAfllt  • OB 
AP.^UIO  -OA 


Figure  A-(i.  Prlddy  margin-of-,safcty  ealeulation. 

For  thcrmostructural  analyses  of  nosetlps,  marglns-of-safety  are  ealeulateil  with  !):">  95 
allowable  strengths  for  a fictitious  finite  element  having  the  same  volume  as  tlie  volume  of  the  Ref- 
erence .A-2  data  base  (0.038  in'*)  so  that  marglns-of-safety  are  not  dependent  on  mesl>  size.  Tl\e  data 
base  used  to  estimate  statistical  variation  in  the  referenced  strengths  eonsists  of  at  least  90  samples 
In  each  of  tl>e  with-graln  and  aeross-grain  ilirections.  For  a sample  size  of  90,  the  95/95  allowa  jle 
corresponds  to  strengths  of  approximately'  2.5  percent  failure  probability.  To  reduce  average 
strengths  in  Table  2\-l  to  95/95  level  strengtius,  Wcllaill  distributions  were  tit  tl\rough  with- grain 
and  across-grain  strengths  at  70”F  and  2000^1'  (Figures  .A-7  and  .A-S): 

F(R)  - 1 - F.\P  ( - ( ^(l  . -0)  R^t 


where 


F(R)  is  tl\e  cumulate  probability  of  failure  for  a normalized  strength,  R 
R is  strengUi  divided  by  average  strengUi 
f Is  the  Gamma  function. 


20-1 


Tabic  A-1.  Average  strcngtlis  and  Weibull  sUitlatics 
for  truncated  994-2  graphite  (psl). 


STHKNGTH 

WKIBULL 

STATISTIC 

TKMPERATUJtK  ] 

70 

2000 

2500 

3000 

FTZ 

32 

4274 

4807 

5127 

5217 

FCZ 

32 

11840 

12G79 

13523 

13709 

F'i'TU 

IG 

5077 

G551 

G730 

7250 

FCTll 

IG 

10270 

11295 

11G03 

12500 

Ft3tZ 

IG 

4000 

4500 

4750 

5000 

QTIIZ 

IG 

3847 

132G 

4GM 

4095 

PTHZ 

IG 

10270 

11295 

11003 

12500 

QHTH 

IG 

5109 

589G 

0057 

0525 

PllTH 

IG 

10270 

11295 

11G03 

12500 

AccoixUng  to  Figures  A-7  and  A-8: 

p - IG  for  wlUi-grain  strongtJis  at  any  temperature 
/3  = 32  for  across-grain  strengUts  at  any  temperature. 

The  requirtxi  multii  lying  factor,  RFAC,  used  for  obhtining  ai\>'  failure  strengUi  probability,  PHOli, 
from  average  strong  h is  given  by  (Table  A-2): 

.......  [-fnd  - PHOBifll 


Tabic  A-2.  Multiplying  factors,  RFAC*,  for  calculating 
strengths  at  various  probabilities  of  failure. 


.lULATIVE 

IBABIUTY 

FAILURE 

WITH 

GRAIN 
/3  = 16 

ACROSS 
GRAIN 
y8=  32 

0.50 

1.01010 

1. 00581 

0.40 

0.99101 

0. 99626 

0.30 

0.96901 

0. 98514 

0. 20 

0.94102 

0. 97081 

0.10 

0. 89791 

0.94831 

0.05 

0. 85840 

0. 92721 

0.025 

0. 82135 

0. 90698 

O.Ol 

0. 77526 

0. 88117 

0.001 

0. 67116 

0. 81987 

0.0001 

0.58119 

0.76294 

♦ RFAC  = 


A 

[-  tn  (1  - PROB)]g 


r(>  t^)- 0.96758 
r(l  + ^)=0. 87290 


A4.0  PROBABIUTIES  OF  FAILURE  FOR  STRUCTURAL  ANALYSES 

In  calculating  the  probabllify  of  failure  for  a finite  element,  the  average  strengths  in 
Table  A-1  arc  scaled  to  the  finite  element  volume  using  the  Wcibull  statistics  fitted  to  the  994-2 
data  base.  The  volume  correction  used  for  this  purpose  is  given  by; 

S(V)  = P • S(VREF) 

where 

S(V)  is  the  average  strength  for  a finite  element  of  volume  V 
S(VREF)  is  the  average  strength  for  a reference  volume  (0.038  in^)  . 
shown  in  Table  A- 1 

P is  the  Weibull  statistic  for  strength. 

The  probability  of  faiiurc  for  a finite  clement  is  obtained  as  follows: 


1. 


2. 


Average  strengths  for  the  finite  element  are  calculated  using  the 
volume  correction  described  above. 

Trial-and-error  failure  strength  probabilities  are  used  to  find 
the  Priddy  faiiurc  surface  that  passes  through  the  applied  stress 
vector  (Newton-Raphson  root  extractoi-). 


The  overall  probability  of  failure  for  a nosetip  is  Uien  calculated  from  Uic  conservative 
assumption  that  failure  in  any  one  finite  clement  constitutes  an  overall  failure  in  the  nosetip: 


i=n 


where 


A4.1 


Pj,  is  tlie  overall  probability  of  failure 
P is  the  probability  of  failure  in  finite  element  i 
^i 

i=l,n  are  the  finite  elements  witl>  temperatures  below  3500®F 
SUMMARY 


The  Priddy  failure  criterion  was  developed  for  994-2  graphite  using  tensile  test  <iabi 
obtained  for  tlie  Materials  Requirements  Development  (MRD)  program.  Using  a statistical  treatment 
of  the  referenced  strength  data  base,  the  criterion  can  be  used  to  account  for  volume  effects  in  nose- 
tips  and  to  predict  probabilities  of  failure.  The  resulting  biaxial  and  triaxial  failure  surfaces  for 
994-2  graphite  are  shown  in  Figures  .•\-9  tlirougli  A-12.  The  influence  of  applied  shearing  stress  on 
the  0-Z  biitxlal  failure  surface  is  shown  in  Figure  A-13. 
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FIGURE  B-4.  PBLRTION  HISTORY  FOR 
SEGMENTED  NOSETIP  AT  50MN  FRCILilY 
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FIGURE  B-7.  PBLRTION  HISTORY  FOR 
SEGMENTED  NOSET  IP  AT  50MN  FACILITY 
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FIGURE  B-8-  PBLRllON  HISTORY  FOR 
SEGHENTEO  NOSETIP  RT  50MW  FRCILITY 
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FIGURE  B-11.  PBLRTION  HISTORY  FOR 
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FIGURE  B-13,  PBlRTiONi  HISTORY  FOR 
SEGMENTED  NOSETIP  RT  50MW  FPCILITY 
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FIGURE  B-is.  PBLfillON!  HISTORY  FOR 
SEGMENTED  N0SET1P  RT  50MW  FPCILITY 
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FIGURE  B-18-  PBLfillON  HISTORY  FOR 
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Figure  B-19.  Thermocouple  data,  model  1-2. 
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Figure  B-20.  Thermocouple  data,  model  1-3 
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Figure  B-21.  Thermocouple  data,  model  1-4 
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Figure  B-22.  Thermocouple  data,  model  2-3, 
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